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ABSTRACT

This repoct describes the application of meander lines tn impedance
transformers, and discusses two types of negative-impedance circuits and

two slot-line topics,

It is demonstrated that meander lines constitute a class of imped-
ance transformers of which stepped-impedance transformers are a special
case. A design table is presentec for nearly-equal-ripple meander-line
transformers of from 2 to 6 turns, incorporating a wide range of bahd-
widths and impedance transformations., Experimental confirmation of the

aesign table is given,

Two types of negative-impedance-converter {NIC) circuits were
designed and comnstructed: (1) a high-~power NUNIC, and (2) a FET-NIC
filter. A high-power NUNIC circuit intended for operation at 200 to
50C MHz was built and produced negitive resistance from below 80 MHz
to above 680 MHz. A lossless one~pule filter incorporating the NUNIC
was buil: for operation at 230 MHz and exhibited a 3-dB filter bandwidth
of 2.7 MHz, Tihe 1-dB compression peint occurred at 1 watt of iuput
power {(+30 dBm) and the third~order intermodulation intercept measured :
+34.5 dB, A FET=-NIC filter has been constructed in microwave integrated
circuit (MIC) form. It was possible to vary the bandwidth of this filter
electrically over a 7:1 range. The size of the complete MIC FET-NIC

filter is comparable with a small power~-transistor package, approximately

1/2 inch square by 1/16 inch high.

The slot-line tcpics treated are, firstly, symmetrical four-layer-
sandwich slot line, which is discussed for ferrite-phase-shifter appli-

cations, Formulas are given for wavelength, characteristic impedance,

iii

i .




and magnetic-field-strength distribution, Curves of the latter are

7 helpful for phase-shifter optimizaticn. Secondly, coupling between

two parallel slot lines is analyzed, and a few typical curves of

3 coupling and directivity versus frequency are shown,
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PURPOSE OF CONTRACT

The purpose of this contract is to develop techniques for the
design of passive and active filters and components in the VHF-to-
microwave-~fregquency range, and to determine the electromagnetic

properties of slot line for integration with microstrip technology.
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1 INTRODUCTION

A, Meander~Line and Hybrid Mcander=Line Transformers

In Section II the application of mecander lines to impedance trans-

formers is proposed and developed. Meander=-line transformers have

- less bandwidth than stepped-impedance transformers for a given passband
VSWR, but can have greatly superior shapc factors in stripline and MIC
realizations. Hybrid meander-line transformers allow circuit designers
greatly increased flexibility in choosing transformer shape factors,
while allowing (basically) the same electrical performance as with
either stepped-impedance or meander-line transformers. A comprehensive

meander-line-transformer-design table is presented in Section II,

B. Negative~Impedance Converters

Work on the NIC circuit during the past reporting period was con-
ducted in the [ollowing areac: (1) increcasing the power-handling capa-
bilities of the NIC, (2) increasing its flexibility of application, and
(3) decreasing its size. The progress that was made in all threc of
these areas is described in Section III. 1In particular, a l-watt UHF
NIC filter was constructed and an integrated-circuit FET=NIC filter was
built with electronically variable bandwidth, Thesec circuits were shown
to be insensitive to both device-parameter variations and environmental

changes.,
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C. Slot Line

The investigation of slot line is brought to a close in Section IV
of this report. One final subject is the symmetrical four-layer-sandwich
slot line, which is being applied to ferrite phase shifting in another
USAECOM program, Formulas of wavelength, characteristic impedance, and
magnetic~field distribution are given. Field computations and plots
are useful in selecting parameters for good phase-shifter performance.

A second subject is analysis of directional coupling of a pair of slots.
Directivity and coupling versus frequency arc shown graphically for

seversl cases.




A

I1 MEANDER-LINE .ND HYBRID MEANDER-LINE 'TRANSFORMERS

A, General

Transformers are verv oftien regu’red in microwave components and
systems., Coupled-transmission-line geometries, such as interdigital
and/or combline, are often used for purrpcses of obtaining impedance
transformations.l* However, in many applications these structures are
quite unsatisfactory for the following reasons:

(1) The required coupling between lines may not be practically
realized.

(2) One or more of the coupled lines may require grounding,
which is difficult in stripline and microwave-integrated-
circuit (MIC) realizations.

(3) The equivalent circuit for these and other coupled-line
geometries coutains, in addition to ideal transformers,
shunt or series reactances that limit the bandwidth
over which the transformer may be used.

The stepped-impedance transformer,2’3'4 consisting of a cascade

of unit-elemen:s® (UE), 1s also communly used. The stepped-impedance
transformer can transform widely differing impedances (resistances, to
be strictly correct) over narrow to very wide bandwidths, and it can be
constructed readily in air-line, stripline, and MIC. However, each
section of a stepped-impedance transformer is a quarter-wavelength long
at band center.+ Consequently, the length of a multisection trensformer

can be quite large. For example, a three-section stripiine transformer

x

References are listed at the end of the report.
Excepting the short-step transformer.®
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constructed on Rexolite 1422 (er = 2.54) centered at 1000 MHz would be
5,56 inches long. If, as is sometimes the case, transformers are
required at both the input and output of a device, che overall length

of the stepped-impedance transformers and device conld be excessive.

An idealized solution to this problem would be to fold the stepped-
impedance transformer accordion fashion, as illustrated in Figures 11-1(a)
and (b). In order to preserve the electrical characteristics of the
circuit, shielding between the folded lines would be needed. Conceptually,
this technique is satisfactory, but in practice the required shielding
would be impractical. On the other hand, if the shields were removed,
there would be sufficient coupling between lines to seriously degrade

the transformer performance.

Figures II-2(a) and (b) depict conventional meander-line geometries
in stripline and MIC. We note that these structures may be considered

as folded, coupled-line, stepped-impedance lines. Thus, from this

A, {L ' " ‘ '%RL
” m

(s} UMFOLDED

VSH!ELD

() FOLDED TA-8245-120

FIGURE 1I-1  STEPPED-IMPEDANCE TRANSFORMER

4
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{d) MICROWAVE-INTEGRATED CIRCUIT (MIC)
TA-2245-1186

FIGURE 11-2 CONVYEMTIONAL MEANDER-LINE GEOMETRIES

perspective the meander line might be considered as comprising a class
of generalized coupled-line transformers within whichk the stepped-
impedance transformer is merely a special case for which coupling betweea
turns is negligible. From this point of view, an exte.aision of meander-
line transformers to hybrid meander-line transformers is quite natural.
A hybrid meander-line transfcrmer is one in which coupling between some
adjacent turns is negligible, whereas for other adjacent turns it is
significant., Several examples of hybrid meander-line trausforners are
given in Figures I1-3(a), (b), and (c). Theoretically, the number of
hybrld configurations is Z(N-l), where N is the order of the transformer.
Hybrid geometries allow the circuit designer much greatev flexibility

in the physical layout of the transformer than he would otherwise have

with only meander-line and stepped-impedance transformer-.




(a) EXAMPLE 1

(c) EXAMPLE 3
TA-8245-116

FIGURE 1I-3 HYBRID MEANDER-LINE GEOMETRIES

The meander line is not a new transmission-line geometry. Butcher’
studied it from the point of viaw of its possible application in traveling-
wave tubes. Bolljahi and Matthaeis computed its image impedance in the
general all-coupled-line case, and Hewitt® utilized the structure in a
microwave compression filter. The most recent and novel treatment of
the meander line has been given by Sato.° &n equivalent circuit for
meander lines (presented by Sato) having coupling only between adjacent turns
is given in Figure II-4, The coupling between turns is accounted for

"S,11 connecting unit elements. A stepped-

soleiy by "S-plane inductors
impedance geometry is obtained by setting all inductive admittance
values to zero., A hybrid geometry is obtained by setting some but net

all inductive admittance values to zero. The equivalent circuit of




ORIGINAL CIRCUIT EQUIVALENT CIRCUIT
Port 2
Port 2
N L L ] [ ] ¢ 0o 0
obpd
Port 1
Port 1
N [ ] L [ ] v o o
EVEN
Port 1 Port 2
Port 1 Port 2
TA-8245-121

FIGURE 11-4 TWO-PORT EQUIVALENT CIRCUITS FOR MEANDER LINES HAVING
NEGLIGIBLE COUPLING BETWEEN NONADJACENT TURNS

Figure II-4 forms the basis for the compilation of meander-line trans-

former designs given later in this section.

B. Meander-Line-Transformer Design Tables

The meander-line transformer tables presented later in this section
were compiled using numerics. techniques by minimizing a weighted
reflection-coefficient function raised to a high integer power (e.g.,
miiimizing a 1east-pth objective). The weighting function was coua-
structed to assure that the coupling between meander-line turns would
be within prescribed limits. The numerigal techniques are well known,12

and concequently specific details will not be given here.
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1. Definition of Parameters Used in Design Tables

Figure UI-5 depicts a cross-sectional representation of an
arbitrary meander-line transformer in any TEM or quasi-TEM medium and

depicts the unnormalized distributed capacitance parameters Cg and

i
C « These are defined as follows:
i,i+1

C
&y

Capacitance to ground per unit length for the
1th conductor
(11-1)
Mutual capacitance per unit length between the
ith gng ith 4+ 1 conductors.

c
i,i+1

Coupling between non-acjacent lines is assumed negligible.

— =L

WLWWWWIW WIW

TA-8245-122

FIGURE iI-6 SCHEMATIC CROSS-SECTIONAL REPRESENTATION FOR MEANDER-LINE
TRANSFORMERS

The dimensionless, distributed-capacitance parameters that
are needed for use with Getsinger's data'® in order to obtain dimensional

parameters from electrical parameters are as follows:

c =C /€
& &
=C €
1,441 i,i+1/
= € € I-2
€ 5o (11-2)
er = Relative dielectric constant of the medium
so = Permittivity of free space in the units of
dC .
C, amdCin
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The coupling, ki i1’ between meander-line turns i and i+l is
]

defined as
C
i,i41
k = =20 1lo dB .
1,1+1 16/
Ce. ¥ C,14) % . *C%ia
& ’ 811 d
(11-3)
The meander-line-transformer bandwidth, BW, is defined as
W = 0 -
B 92/ 1 (11-4)

where 91 and 62 are the lower and upper passband edges, respectively, in

electrical degrees or freguency. The ratio of load to source resistance,

always taken as greater than 1, is denoted by the symbol RL/RG, and the
peak VSWR in the passband is denoted by VSWR.

The compilation of meander-line-transformer designs is presented

in Table II-1, for N = 2 to 6 turns, RL/RG = 1.0 to 20.0, and BW = 1.5

to 10. The normalized self and mutual capacitances are listed under

the column headings CGi/E and CMij/E, respectively. These values may be con-

verted to the dimwrensionless forms C/¢ required by Getsinger's data, by the
equation

C ‘/e
&y
376.7

or = =22 lmable II-i value} (11-5)
RG /&

c / r

i,i+1

where RG is the source resistance in chms. Table II-1 was terminated

after the peak passband VSWR exceeded 1.5.
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PROSRAY AY 2 SECTINN WEZNDERLINE TRANSFORVER TAML(
Ee3. CRISTaL CAPACTTANCER NCRMALIZEN TO 376,7/30RTIEPSR)
CCTONER lo7t eOLPLING & 10 TG 16 DB
Raknui0TH & 3,00/1,
fiL/Re cevse co2/¥ CHi2/€ vSur
lov PRxLL) 27373 3072 le89>
1e1 Tk b398 2914 1409y
147 «794 o« 7462 +156QR 1e178
s « THRGE JTRA + 1604 1261
L) o750 R3LY] 1410 32748
1.5 <7408 MLLTS) +3238 16427
LS o TN L1389 o323~ 1600
PROGRPAM RY 2 SECTION VFRAMDERLINE TRANSFORVER TASLE
EeGe CRISTEL CAPACITANAFS SORMALIZFN TO 37607/SORT(EPSR)
CCTINRER 1971 rFOUPLING & 10 TO 16 D8
RANDWICTH = 4,00/],
FL/RG TGY/E CGo/¢ w1228 vSwR
140 47387 + 7308 3178 1002
lei Ex4 LA PLLLES «2IRp 1070
142 e THAR T2V WJEIA 1a12R
Te™ o THIA #7187 L1308 1s1Rn
Tak 7063 J6R&Y .1297 14235
1e5 ThPn ALY <1224 1283
LRS- o 7328 «8359 ot 1ha 1332
1.7 . 7177 6132 PREALY l1e30n
e ,.r3% +5920 1872 14427
19 L6906 «3739 113 1473
2> «ATAS +5579 «9%40F=n] 1.517
FPRCGRAY AY 2 SFCTINN vrpavCEReL TN TRANSFORVER TARLE
EuGe CRISTM CAPACITANAFS HCRYALIZFN TO 376.7/5CRTIEPSO)
CCIQRER 1971 . AP ING 3 18 T 16 D1
Ranns INTH & §,.00/1,
RL/RG  CGI/F cGa/sf [2d P72 3 veun
1.0 L7858t +75%2 LT 1ennt
1ol o T42R «7198 +255% 1en77
Te2 27328 -89 «PPRT le1€n
13 ¢ T8RS PRAKL +13RQ 1e210
Teo « 7612 R.LLLY +i31R 1277
13 « 7484 858 <1534 }e34}
1eb 7233 oHang 21248 14767
1.7 o733 SATAY 1125 1.4RY
1e8 «Ti11Y 25923 105} 1e%20

12




PRLAQAM QY
E,G, CRISTAL
CCT0RER oM
RL/RG  rGYs

R 1ed (7288

A IPS | 1374
1e2 + 7815
: 143 o775+

H 1.5  L,7an
: 1.6 L7296
: 1.7 L7

PROGDAN Ay
€eG. CRISTAL
ccremss 197

1.9 «T32Y
lel #7183

RO,

1.2 «TnB3

: 1.3 o789

f 14 L7523

{ 15 7525
E ; 1.6 #7386
;; z 147 7288
= z 1.8 1N
3 : 1,8 7026
‘E 240 «hBRe
ér ? 2.2 o66BE
;i i 24 LO51
] : 2.6 oA3EA

L

I R

|

[T—
A

L,

“L/RG¢ Gy /7

Table 1I-1 (Continued)

CGass
«T446
oT1n8
«T34R
+ 7124
«S81A
6808
086371
«83)95

(o744
« 7315
+£935
6004
«7118
<5830
6545
+6202
oBRGR
»58%51
JS6AR
Sare
«S5177
«491n

YY)

CM127E
«P9h4
2690
~17n2
o146
1354
« 1252
1198
«1143

Cvip/E
«31%3
2903
«2633
<1410
#1306
1240
Y70
«312¢
1069
1037
«9948Fan]
«93765en1
RT40Fen]

RPATEen]

2 SFCTYION MEAVDER«LINE TRANSFGRMER TABLE
CaPACITANAFS NCRVMALIZEN TO 376,7/SCRTIEPSR)

enUPLING & 10 TO 16 DB
RANNWIDTH 35,0071,
veua
lennn
o0}
1e161
14234
1312
1+38)
1448

1eS1R

fro
Re \’°a '\gb‘e cOPY°

2 SFeTINM wPADERSLINF TRaNSFORMFR TABLE
CROACTTANFEG RAAVALIZEN Th 376,7/56RTIEPSM)

ronPy %G = 10 To 16 DB
QANPWIDTH = S pn Y,

L A4 1)

Jenna

1e08%s

leind

1+13)

1.168

1e190

1e?oM1

1242

129

1e328

1352

l1edna

1.4%5R

1s813

13

M

L

W

M I 0t it

Ol 0

B L

YR TIT

T




AL 7RG
1.0
1e1
12

1.3

2.2
2e8
2.8
2.8

4,5

1840
zo‘n

FRCGTaAr FY
EoC. CRISTAL
Cerours 1ayY

RL/sR~ rRY/F
| P «TRIe
1.3 + 78
1.2 oRAONS
1.3 «778e
Y Y s 7C87
1.5 22372
1eb -1

PROGRAM 3Y

EeBe CRISTaL
OCTOBER 197}

COYI/E

+ 7836
o 770y
7680
7542
«T6%
+Tol8
« 7425
1240
o724
+ 7221
27165
sTi6a
11T
+TAL2
7419
1292
+ 7289
7339
+8982
6858
6575
+6502
«6313
+ 5998
+6023
S2de

{3745
P LY L]
R FLYY
PR

o711

Cu2/E
8322
6025
«5937
«3d49
«3328
5243
5192
<4959
493
<8368
H792
« 4697
<4603
LY YY
<4572
« 4425
B2
olbns
3517
v3314
«2952
«28TY
2814
205}
2304
1614

Table 1I-1

e

2T

CG3/E
+ 7836
oT823
7185
1LY
5892
«5602
5532
«S261
<5099
+o883
0TS
o814
8222
«390S
A7
+3505
+3028
+2508
+2388
2237
<1882
« 31809
1475
1382
1216

{Continued)

2 SECTINN MFAMRERSLIAE TUANSFORVER YARLE
CAaDArTTANAFR »CR¥ALIZFN TA 376,7/56RTIFPSQ)
rOrPEIAG 2 10 5 18 DB

AaAnIDIN = 10,0071,

3 SECTI0n MEAOEX-LIYE TRANSFGAMER TaoLe
CAPACITANCES nUSMALIZED TO 376.7/SORTIEPSR)
COUPLI~G = 10 TU 16 D8

UANUSIDINn

CH12/E
2504
«2569
+2604
«&523
+2-817
22793
«2319
2735
2093
+1874
«1990
« 1604
«1725
1272
<1288
1161
1118
«F137E-p1
+8881E=p1
+9605E<01
«8165E=p1
«7a25591
«T380€-0)
«T187Eep1
«1a58Eep)

+8837E-01 ,5342Lep1)

14

CH2are
«2860w
«ells
o lBVe
«15%
o2lle
«2328
«193>
o 1052
1395
118y
1157
«$976E-01
+8280Ewg}
+80TeE~g1
«75658-51
o$218E=01
«SB21E~D]
«1323E-01
«8258E-351
«SI2TE-01
oAITIE«DL
«4751E-01
+J860E-01)

«3I5198=51
e 3528801
«1827E-31

YSeR
1002
1009
1028
1e9]2
1.01?
1.023
le.cld
lerll
lenld
1012
lerle
1.01>
1.019
1.018
1020
1017
1,03
14035
1,033
14082
1.0308
1.0%3
1.089
l.0%s
le 09
1.08%

145071,

IS




Ve R RSN SRR

[

PROARAM B¥
EoGe CHYSTAL
OCTNAER 1971

RL/4G
|

lel

200
2.7
244
26
2.4
Jen
3.5

LY

Sen
6,1

LISy
9,8
1042

20,0

cGl/e
o713
R ZY ]
«728%
712y
« 7031
6897
1203

712

o735
sbole
6501
6109
«660¢
6052
T124
o TH4Y
«6Y27
WHln1
o150
n5lo
06531
6313
6021
590V
-LED)
oSb7d

5325

Co2/E
» 595}

’s-1-1

«D4Th
929

«51734
524
LTI
cRTHA
LR}
4542
RTYEN
e 4932

a2l

Table I1I-1 (Continuad)

Coud/E
L3
7233
+DBb1
bal?
6219
«D9e?
+20Y

PR-Tlat )
2293
+oublL
L
ALTY V)
PLELL]
LN
3504
3376
« 3206
Loy
2lls
d4B2
2315
19y
1123
. 1981
«Jado

1324

bECT*UN HEATIER

k]
CaPall

Cr1e/E
o137
22158
2748
2707
2700
2H9¢
12hbee
b8
+ 2599
2050
2403
2999
2998
1775
1034
R ATEI X
l0bY
W ?791k=01
EARLI Y]]
H239Ean}
o TH90E=0)
J211E=9)
«6913E-01
«H0nTE=Ql
h33eEenl
6levtanl

L 16UdE~ul ,3320E-01

anCeS winva

COuPL LG
CELITERYTA

CM2s/y
2131
2855
216,
*188Y
1139
1T
eleds
s 1290
1050
o 1e9¢
o lu3y
307
Jle2e
1170
1269
W 113D
luéi
JeBeEapl
D041k}
031 72E=01)
wl6vEeyl
JeuvGtay]
H1vT=0]
«3D5¢E~V]
UL FIES )
992€«0)

Jl18eEay]

Reproduced from
best available copy.
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L{VE THANSFOOMER
b9 T 76,7

s 1o 10 14 Da
nE 2enunsl,
Vouk
letrul
letily
1.017
letdy
leud}
1eud?
lotwd
Lende
1e093
LeUbH
14003
le0064
1e071
Ls079
Lethil
letytio
Ley2
1.0¥9
1108
lellB
leld3
Lele2
l.138
1e169
1,181
1.201

1,329

E8ant TEEsn)




L

5y
=3

PROGRAM BY
€eGe CRISTAL
SCTOBER 1971

RL/RG
le1
141
142
143
1e6
1.5
1.6
1.7
1.8
1.9
2.0
242
246
2.6
2.8
3.0
3.5

45
Sen

6,0

[{ I Y4
+ 8638
8485
8203
8389
« 7895
fTTSY
o TH01
#1573
« 1504
LY
o T275
2 T230
oT109
6991
6N7
6766
«6519
06392
6142
5979
«STO8

Table I1I-1 (Continued)

CG2/E
« 6407
6205
o877
5132
#9558
o565
9326
o 9265
+5208
Sles
«5185
+9106)
4828
b7
« 45068
o832
Jhuls
3757
o36rR
3013
3129

3 SECTION MEANDERSLINVE TRANSFORMCR TABLE
CAPACITANCES MIRMALIZED TO 376,7/SYRTIEPSR)

CGI/E CMi2/E
«T3% #1334
+6973 ole03
5516 18606
«6215 *1358
+5902 +1387
5701 «1352
9084 «1250
o326 +1235
5171 <1178
«5035 «1150

oD .30 1221
8659 1105
4387 1020
4178 9786E=0)
23957 «951€€-01
373, «9228E~01)
03382 +8588E=n]
2941 «T795E=01
2705 «T626E=0l
2562 «T15%E=01
2217 +6851Ee01

Reproduced from

best available cop}

16

CUUPLInG = 10 TO 16 03
YANLWIOTH 8 3,00/1.

CH23YE
3000
2097
2617
2361}
«21593
1999
<1783
+ 100
v1830
032717
oL0O
+HBITE=0Q]
+8583€=91
«74B1E=01
+«T181E=01
«102uE=01
¢0l¥1E=cl
+B3IHYE=D]
+2126E-01
v#13uE=yl
«ol17E=-01

VSuH
lev2
14025
14951
1e078
1s096
1ellé
1s129
le16d
let57
1e107
14173
1e220
12206
le260
1.268
le26b
1.320
1e391
l1edle
14457
1.550




Tabie 1I-1 (Cctinued)

£ago cH1Sa LuBREHANCEE BRAR L E 2B T 18500275 80 8k B,y
OCTOHER 197) CUOUPLI®G = 19 10 14 03
JANUMIODTH = &.00/1,

RL/HG €6/t Cu2/€ CG3/E Cu12/€ CM23/E VSwR

1en 8182 61 +758s +1583 2393 1130

lel 8177 6287 o133, 1787 2307 leoes

1.2 «818] 0156 Y8y 1633 1975 1103

1.3 788 WI9TH 0006 1517 NTIYY 1.126

1.6 o156 L] N-17} 01493 1091 leld8

1.5 7691 +943) +b186 <1388 » 1380 1,197

1e6 « 1537 «51173 60657 1321 1195 1e208

1.7 o Tad0 oolus 81} 1231 106y 1e232

1.8 «Ta9) S007 «56¢5 1161 W99TYE~n] o202

a9 e T28¢ WO816 05395 01132 WJUBTE~yL 14287

2.1 o215 «535- #9252 W1478 o¥105€=03 14305

2.2 JT003 #5114 897 +1019 +8005E=01 1358

2e4 6880 4918 oh6LH «9ROBE=0] +BU0LE=0) 1.403

2.6 «6738 YL 4369 ¢951BEn] T495E=0] Jobed

2.8 4605 e 8032 0119 0916TE=Ql (7064E~0]1 Llebbe

3,0 06593 LYY T « 3959 «B835E~0) ,0707E=y] 14529
At EaBRE T IAnCEE NORMIE B, P HAMSE SN 8Ll B sny
UCTOMER 197] CUUPLING = 10 TO 16 Dy

dANURIDTH = 5.00/1,

AL/NG  CGl/e C62/E Cud/E CM12/E CHR3/E VSR

len +A63% 637 <1374 +1516 oJl67 Ley02

1.1 48126 «b13n «7198 «1799 2538 14060

14?2 o TY017 «5976 «bH48 1681 2281 1115

1¢3 7813 5864 0567 1526 2017 lel0e

146 L7588 1A 0426 «15%9 1071 1.211

145 o7620 «5968 0403 +1326 1228 1,266

16 7527 «589% «0189 «1233 ellln 1262

1e7 o739 5692 «990,6 1202 1093 14320

1o 1300 5601 5719 #1137 1010 ‘ 1361

1S oT184 % ITTY «5506 1100 JIUISE=01 1,399

240 o075 RIS 5344 1r72 2 9346Eay] 1,433

242 46908 «5124 + 4999 +1002 +8686E=01 14507

Reproduced from
best available copy.
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G SET IR S SN R e T AP

Table 1I-1 (Continued)

PROGRAM BY 3 SECTJON MEANUER=LINE TRANSFORMER TAULE
EoGe CRISTAL CAPACITANCES NORMALIZED 10 376,7/SQRTIEPSR)
OCTNBER 1971 COUPLING s 10 TO 16 D8

YANUVYLDTH = 600710
RL/RG  CO1/E Caz/E [A:E V{3 Cuy2/€ CM23/€ VSWR

11 8405 0499 TT%6 .1723 +2609 1,015

101 8222 «63)4 #7319 «1661 2341 1,068

1.2 .8048 o613s #6937 01541 2120 1e3de

143 o927 6081 26669 «1615 o187y 1194

1e4 27733 0108 66176 1409 137 1e266

1.5 7617 «6057 #6493 « 1286 1207 1.292

146 «7501 «$900 0196 1262 1138 1,351

V.7 «13517 5754 +599) «1185 ULE] 1390

1.8 WT19¢ +5961 #5757 #1157 *103Y 1e406

1.9  «Ti00 «5059 5576 01099 «JUSLE-01 Lea92

2en o970 9328 +539% «1079 «IABTE=01 14539
PHOGRAM BY 3 SECTION MEAnUER=LINE TRANSFORMER TAWLE
E.G. CHISTAL CAPACITANCES NORMALIZED T0 376,7/SQRTIEPSR)
OCTHdER 197y CUUPLING & J0 TO 16 Da

BANDRIOTH & B,007),

RL/NG  COBI/E Ce2/€ CG3/E CH12/E CM23/E VSuR

e o T992 N TITY + 1926 «2315 2018 14025

1ol oTuey 6171 o TeHa 2117 «1996 Levbe

1.2 o768) o075 7217 2049 1781 1elb0

143 «TY0e 5222 0903 o 1457 1987 14231

1o WT718 6197 «6673 «1393 «137> 1301

18 <7880 6019 obab2 1333 «1839 14357

1o oTe32 585 « 8226 1237 1143 Lea3é

o7 W73 «5Tag bube e1188 o 1082 1ea98

1R 47133 « 5989 +5834 o1164 «1028 14562
Eeo ch18¥a, aBREHHANCESANBERTE LB T TAN 502758 ul kB sa)
OCTNAER 1971 CUUPLING = )0 TO 16 D3

BANUWIDTH % 10.00/1.

RL9% COI/E CG2/E CGi/E CMi2/€ CM2I/E VSwK

1en  o830) « 6709 +8p1a 1822 2260 1:008

1el 8176 <8514 1592 +1733 «200Y leuté

1.2 +8ni7 8383 J200 .161S «170¢ 1.171

j; 1.3 7847 +63174 08 J1478 «1449 1.253
= 1e6 L7769 J5281 L6748 135y Jl2e9 1.331

1.5 +75862 8010 +0484 +1329 1221 l1e0d9

1s6 (7364 «9905 5238 +1265 PERLY] 1e485

1e7  W7200 +569 «80i0 «1202 o1119 LeStY

18
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< B g

Ay ¢

PROGRAN 8Y
EeQs CRISTAL

0CTORER 1971

RL/RG

Se0
141
1.2
1.3
1,4
Y
1.6
1.7
1,3
1.9
240
2.2
2.4
246
2.8
3.0
3.5
4,0
4,3
540
640
7.0
840
9.0
10.0
20.0

cer/e

«8161
«8139
<804k
<8327
8236
28241
+815¢
+8110
«3029
« 7948
2 TUS54
«7910
JTT96
o768
7273
« 7626
7521
«750%
o720
«7302
7209
o T160
6982
6948
5768
6929

CG2/€

70406
Huss
W74
6062
«082¢
6278
#8117
00)42
«5915
«5T489
+5095
+5593
215463
+522%
4Ty
+890)
24741
4037
i1
+ 4236
LYY
«3840
3063}
«389)
L3310
«Jo2e

Tahle II-1 (Continued)

CG3/E

o TUNG
06919
+ 6640
«6059
5752
5697
«5299
5043
8T8
4727
4617
N Y141
<2104
«3918
3622
3098
3154
2986
2715
+2525
«2300
02062
o185}
1782
+$030
+1108

& SECTION REANDER=L{VE TRANSFORMER TAOLE
CAFACITANCES NORMALIZED TO 376,7/SURTIEPSH)

CGs/E
8161
+7889
7275
+6RS1
6237
5807
#5584
5240
24938
4728
+ 4560
4099y
PRCETY
P13 73
«3338
3109
2608
2605
«7153
+1950
1677
21453
.1282
+1158
L1057
«5905E=01

(M1e/E
2167
19Ty
19Ty
«1993
o 15v7
s led
#3917
:109¢
«1521
«123v
«1533
e 1850
e 195>
01521
«i1433
oioyl
1379
el365
0339
21300
195
21178
2l
1132
sllee

e FUY2E~C)

CH23/E

« 1598
«1583
21310
1765
1049
01639
1395
«b28y
+1205
1171

e 1228
+1085
lul?
«¥323E=0]
21083
«7122E«p]
«BUBUE=01]
«7618E=n)
+0989E=01
«OB23E~01
«6351E-01
+36%0E=0}
+5350E-01
»9173E«n}
«8984E-n]
«3798E=-n)

CUUPLING = 10 TO 16 DA

dANUSIDIH 8 1,50/1,

CM34/E
2167
1469
«1360
01197
1297
#1177
1088
*1091
1081
«9923E~01
«928TE~0!}
09533E~01
A2BIE~UL
+BTB5E=01
«1231E-01
»7068E=0}
sHSUYE=0]
«5T3S5E=01
«SuT0E=GL
oABU3E~DIL
e4111E-01
035348«01
+3J2Y2€E=51
«29USE=01
«26UBE~01
«16UGE=01

Viun
lebne
1+001
leoul
levcs
1,003
l.y0e
le00&
le00¢
letiid
l.002
le003
letod
1,004
legQo>
lebud
le0us
leGud
le006
l.000
lso07
l.000
leb0Y
le0lv
1:01v
l.011

leUeY




Table 1I-1 (Continued)

FRCGRAM QY & SECTION MEANDER=LINE TRANSFORMER TABLE

te8s CRISTAL CAPACITANCES NCRMALIZED TO 376,7/5GRT(EFSR)

CCTOHER 19N COUPLING & 10 To 16 0B

RANDWIDTH 3 2,00/1.

hL/RG  CGLI/E cG2/E CG3/E CGA/E cui2/€ Cr23/e CMI/E VSuR
1e0 WR3ES 1172 + 7233 3436 «1N1R +1559 170 10000
lel o379 «4Y%55 6725 o732 «1A58 21575 «1626 1.003
162 8232 «6677 +6357 1165 1713 .1527 «1310 1.005
1e3  oB208 «6539 +60&9 + 6485 1622 «1348 «1399 14008
led  oR1S7 «bugn «582¢ 6290 1687 1372 31276 14009
1¢S5 #R129 #6315 +5635 *5942 L 1%3p L1273 #1179 Zeqll
1e6  oR1 56 0163 #5295 5593 +1530 1226 1143 1e014
1e7 «7977 «6324 5146 «5248 Lk} oil167 <1152 le016
| L1 «708n «5900 +475] «5013 +145¢ 1108 «1069 l1e017
1s9 o917 5816 4839 «4801 «1463 +1113 09929E0]1 1401%
2.0 L7894 L7346 « 4682 *4582 01424 1072 «25R0E=01 14020
o2 o817 +5499 + 4363 4204 1180 +1070 +8947€-01 14023
2.6 01735 5338 %123 «36R3 +1350 #1009 +8404E=01 14026
€eb TR 5208 + 438 3626 «1328 +9512E-0) +7754E=01 1.028
2.8 s 7684 «51nS 3759 #3398 «1759 +9115E=01 ,7321€«01 14030
3e0  o758n I «2580 «3199 1273 +8977E=01 <6975E-01 14033
3.5 o744} L) 3236 «277R o212 «B265E=01 ,6209E=01 1,018
a0 « 7301 Yy T «2985 «2470 J1178 +154UE=01 «5542E=01 1.042
4.5 «7278 +4333 2778 2231 01113 «TOISE=0]1 +4994E~N] 1.045
Ssu  o71865 4153 «2592 +2031 1102 «0688E<0] ,4623E¢01 14050
€e0 o044 «3920 «2317 «1733 1035 ¢5934E~01 43950E-01 1.055
7.9 *6892 «3705 22108 «1514 einlo +S460E=0] ,3442E-01 14062 |
et «679H «35932 #1934 1387 «9RATE«0] +509/E=01 +3099E<01 1.067 ‘
9.9 717 +3380 +1787 1212 +9219E=0] 4813E~01 +2832E~01 l.072
0.0 LT 3295 +1645 oll1n oATISESO] LA510€=0] +2547E=01 14074
20,0 «6197 +2545 «1085 «6059E=01 7259E<01 3099E=01 .146RE<0] .11}




am~

o

PROGRAM BY
EeGe CRISTAL
OCTNBER 197]

RL/RG
o8
1.1
1.2
163
1.4
1.8
1.6
1.7
1.8
1.9
2.0
2.2
2.4
2.6
2.8
3.0
3.8
4,0
4,5
Se0
6.0
740
8,0
9.0

1040

2040

cO1/€

+ 8551
8209
-8122
8181
+8114
+8062
7979
«794]
«TH6S
oT832
7757
7662
« 75606
7488
«T400
«7337
NN
7022
«6900
579
+6600
+ 56482
*6300
+6103
+6077
5029

Cu2/¢

< T455
«8817
+6666
+ 6569
<6421
6294
8147
8083
9998
5821
+5099
5516
+5351
«5203
50068
+4940
+4578
« 4485
4274
4112
« 3881
«3033
« 3451
+3305
«317%

+2507

Table I1I-1 (Continued)

CG3/E
o 7433
o069
«6516
«6209
«9926
+5698
+Se83
«5297
o9)28
« 4973
<4826
4562
04334
4134
¢ 3955
3798
«3409
3208
«2985
«2800
2514
2293
2110
«1973
«1857
01263

& SECTION MEANUERLIVE TRANSFORMER TAULE
CAPACITANCES NORMALIZED TO 3ITA,7/SQRT(EPSR)
COUPLING s 10 10 16 D3

CGa/E
#8526
27761
oT287
«6789
«639]
6026
«5704
5826
5178
o498
4T84
o 4382
<4076
23814
03587
3386
+2987
+2672
02421
2219
*1913
1680
+1510
#1373
1262
«T3804E=01

[\
P

BANUSIDTH =

CH12/E
<1991
175
1772
o 108y
1503
YYX]

o 1023
13063
1351
21303
1299
o 1267
1213
1178
olise
ellvY
o 1997
o102¢
«¥T139E=0]
«9319L=0}
+8787E-0]
+4227TE~0])
«T8TTE«0)
o 1525E=-01
o 72T¥E=01
«95083E-01

CH23/E

+ 1368
«1659
NYYY)
«1344
+1329
1257
1202
«l151
«1116
1070
1081
+420E=n}
«9283E~01
+9843E-01
«8477E=p}
+8138E=01
+1480E=91
«5816E-01
«5390E-01
«5037E-01
«5481E=01
+50402-01
«*667E=0}
o #372E-01
08122€«0]
+2738E=61

340071,

CM3N/E
1621
1638
*1430
01360
¢ 1204
1194
1138
1079
«1021
09729E-01
+9295E-01
+856TE=01
«T9T4E=01L
0 7439E-01
+6980E=01
«6580E=91
«5730E=9l
«S5172E=01
24710E~01
*3323E-01
«369TE-0L
032%2E=01
e2944E=01}
«2678E=01
«2463E~01
«1643E=01

vswn
1.00v
l.014
le027
1039
leQ5vV
1060
le06H
14075
l.082
1.08Y
1e09>
lel07
la118
14129
lel39
lejeb
1e168
lelBY
l1e200
1,223
14259
11283
le3lv
14336
10358
1550




RL/RG
1.0
1.1
142
143
1.4
1%
1.6
1.7
1.8
1.9
240

4,5

Se0

PROGRAM 8
€4s0¢ CHRISTAL
O0CTOBER 1971

COl/E
8179
«80952
«8185
L)LY
«8048
7993
«T4BO
«7831
«T7%0
o767
oT607
o T482
7363
e 723%
o 7159
201
«6872
«6691
6522
06384
6170

€G2/€
«Ti26
+6800
+5730
60618
«0833
6324
6139
«5036
«5899
«ST48
5681
+5489
«5313
+3159
«5921
«#893
X1
o84n?
4197
4028

« 3798

Table II-1 (Continued)

CGI/E

7205
o870
6514
0217
sbUl4
S 2441
+5590
5426
9253
5094
«4949
4694
ST
4274
yYé
o396
«3633
3309
«3133
+299)
2692

4 SEC
CAPAC

CG4/E

«8339
7802
«7313
+6816
+6486
«6099
«5835
5569
«5320
5097
4596
4554
8253
3996
«3769
«3573
«318y
«2871
2612
2809
2108

1108 MEANDER=LIVE TRANSFORMER TAULE
l;ANCES NORMALIZED TO 376,7/SQRTIEPSR)

CyuPLING = 10 TO 16 OB

BANOWIOTH 8

CM12/E
2054
1988
o 1614
1481
PPLEL]
«1354
«1391
130y
3282
YL
o121y
Ly
ol125
o fobY
«1056
olve?

o YOIE=OL
+9¢TuE=01
«YY24E=01
oB44gE=D]
o 1994ExD]}

CMR3/7€e
«1393
#1435
01645
+1328
«1283
«119
«ilT4
#1111
«1075
«1039
+1005
«¥508E=0]
sYyieEeol
+8596E=n)
+8204E=0)
+T867E=0)
«1065¢€=01
+8626E-n]
«5200€-01
+3H89Eeq]

+5229€-01

440071,

CMIN/E
+1851
1623
1407
«1425
01261
01234
1115
«1083
09950E=01
«9524E-04
¢9115E=01
«8312E«04
«TT39E=01
¢T7209E-01
«4856E=31
oh4T1E=01
«5643E-01
«5074E=0L
o4679E=0L
o4 2964E~0L
+3727E-01

VSunt

le000

1.02¢
l.952
1e07¢
1,09
lel1®
lel3e
1.15¢2
1elT0
leltid
14199
1e22¢
le26Y
le272
1e294
14315
14363
leslv
1,455
lea9d

1,57¢




i ——————

o
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PROGRAM BY
EoGe CRISTAL
OCTOBFR 1971

RL/RG  CO1/E
1o 48285
1o oR332
142 #8232
1¢3 o804
1.6 48026
1,5 7893
1s6 47802
147 #7709
1.8 <7623
19 #7535
2.0 oT458
242 #7307
244 JTIT5
2.6 7048
2.8 46925
3,0 6813

PRCIRAN BY

EeBe CRISTAL
0CTO8ER 1972

RL/RG

140
1s1
1e2
1.3
1e4
1.5
146
1.7
1.8
1.9

240
2.2
2.4

cul/t
+8587
«8239
8214
8079
7951
« 7845
7736
«T631
«7528
o 7427
+733e
7168

7011

CG2/E

«7528
<6879
«68n5
v 6612
0466
+6283
6130
#6001
«5872
+5759
5646
s 7YY
95269
«5109
4903

4830

Cu2/E
7342
«59y2
6799
+ 8584
o880
8266
8115
«591s
5847
«3726
o011
+«95803
9215

Table II1-1 (Continued)

CG3/E

« 719
8305
0578
+6296
«5086
«5853
«5673
«5508
«5333
5177
+S029
776
«4559
4306
4191
4932

Cosse
7334
«6897
+85%92
297
+ 8491
«S8Y2
+5703
«5538
5378
5223
«50H83
4830

+2612

& SECTION MEANOER«LIVE TRANSFORMER TAGLE
CAPACITANCES WORMALIZED TO 376,7/SuURTIEPSR)
COUPLIAG = 10 T0 16 0w

CBa/E

+8481
7997
+736)
«6898
06562
6213
5942
5672
5442
«5219
+5021
«4679
*4393
+4143
#3623
«3726

SANUNIDIH ®

CM12/E

192e
«loél
1539
+ 098
«1381
«1350
1306
«1209
+1228
YUl
o178
1426
#1081
1043
ol0ly

5400710

CHR3/E CN34/E
e1675 1679
1662 1491
1806 01425
+1298 *1376
«1250 «1280
1191 1193
1150 «1100
«1095 108
1060 «9907E=014
1016 ¢9513E=01
+I8B9E=0] +309YE~C]
¢9323E201 ,B403E-04
#9867E-01 .7783E~0)
+0448E-p] ,72V%€=0]
+8080E=n1 ,4359E~d}

«ITILE=01 (T7S8E.0g] . ~Se9i-gl

vsanr
leocV
1e040
1.083
1e11d
lejbd
la173
le200
le220
14254
le217
le303
1e307
1.388
1027
1es6b

1500

& SECTIO0N MEANNEReL [VE TRANSSOAMER TAULE
CAPACITANCES NORMALILZED TO 376,.7/SURT(ERPSA)
CuuPLING = 10 TO y6 D2

CGa/E

8538
#1911
« 7380
+6950
6597
«6281
5992
«STe0
5513
«S5308
«5121
4791

04502

YANUSIOTN =

CM1e/E

«13¢8
1130
1563
+ 14006
1814
L3339
31299
«1219¢2
1212
o118y
+1152
1100
10061

640071,

CM23/€ CHMIn/E
«1535 e1611
01524 e1502
«1403 1487
+1348 «13%0
1262 1204
#1193 1170
1139 1113
1086 1040
«105¢ «9980E-01
*1016 «3556E-01
«J8T4E=n] (9140E~0S
¢ 7297E201 JB4YEE=D)
+$853E.01 ,78T1E-04

VSue
letiv
l.090
1 X314
l.150
lo19d
le228
1.262
1300
14330
ledbd
1,399

lsssl

1528




R

PROGRAM BY
Ee+Gs CRISTAL
JCTOBE: 197}

AL/RG  COL/E

1en o85S
1,1 8215
5 12 o819y
= 1.3 +8052
9 1o6 47902
1.5 o770
1.6 oT644
17 7520
1A 739
1e9 o720
PROGRAM BY

EoBe CRISTAL
OCTOBER 1971

RL/RG  CGl/E

10 +A636
1e] 8318
1e2  od157
13 o208
o4 + 7896
1.5 <7737
=" 146 « 7596
E 1o7  oT862
jé, 14 <7331

AT RO

CGe/E

<7397

«8916

+6786
+6589
NS

6238
+60848
5932
«57197
5675

1373

« 71548
«6932
8752
+6592
«0002
«5210
8052
«5901
5759

Table 1I-1 (Continued)

& SECTION MtANDEReL INE TRANSFORMER TAOLE
CAPACITANCES NORMALIZED TO 376,T/SORTIEPSHS
COUPLING = 1y TO 16 08
GANUWIDTH & 8.0071

CG3/& CGe/E cH12/E CHM2I/E CM3e/E VS

o Tol «8662 1598 1862 0148} 1e000
0875 27862 «llb0 oléde 01576 le0T4
+0563 73N +1937 oi008 01459 1.137
«63185 06968 « 1083 o1329 ¢1330 120
+8106 «6621 viele «4239 *1259 1.257
5903 «6319 1360 1187 1190 le12
«5728 «6051 «1296 1138 «1129 14365
+5506 «5819 v1200 01097 s10064 Y 13
56908 +5601 ol2tt +1089 1017 1edbd
#5265 +5405 4177 1022 «9709E=01 151>

& SECTi0M MEANDEReLIVE TRANSFURMER TABLE
CAPACITANCES NORMALIZED TO 374,7/SGRTIEPSR)
CuuPLInG = 1u TO 16 N3
YANURILTH 3 1043071,

CG3/¢ CGe/E cHLe/e CY24/E CH3&/E vSan
27631 «8729 el890 «1361 1377 le000
oI77 «T812 +105¢ #1573 o160 LY LT
«69%6 «7381 196y 1025 1401 $e15%
8213 6927 1063 e1323 v1411 Le229
o588 <6623 lel #1261 o2l 14309
«3901 «86339 01358 3203 1191 14360
5722 8077 1303 eyt 1138 le031
«556% +SHes 126y «1108 «108y 1e492
3131 5637 oi222 «107S «1035 1558
24

=

-

R L R IR

I H W 0L

Mwmm ot 0 R 0 R 001 a0




o
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Table II-1 (Continued)

PagsaAM BY S SECTION MEANDERSLINE TRANSFONMER TASLE
€.8, CRISTAL CAPACITANCES NORMALIZ2ED TO 376,7/5QRT(EPSR)
OCTORER 1971 COUPLING » 10 Tn 16 Dn
RANDWIOTH . 2,00/1,
AL/me  cerse coa2/e cosse coase c68/¢ Cu12/E  CMIZ/E CMIM/E
1.0 8310 26883 #6719 NYYY oR147 o 1887 1940 +2008
200 L8080 «5587 741 <4097 24239 «1830 21952 «1443
2,2 .00y +5853 4620 %8 4087 o1832 oi8i8 «9680E=01
2.4 L7098 25668 +4625 3700 704 YT «1337 +9236E=01
2.6 L7088 5700 4514 03404 +3456 «1549 «1144 +B9T4E=01
2.8 7088 45651 4394 03324 241 «1823 01097 «E809E=01
3.0 788 #5529 4212 <3156 «3748 o1486 #1148 +8224E=01
3.3 «7802 5387 <3902 o2804 «2434 1408 3022 «T310E=01
40 L7767 «5211 <3683 +2569 2181 +138% 19746801 6530E=0)
4.8 L7892 +S0T4 «3093 02351 2356 1346 +9076E<01 S960E=01
8,0 +7623 +4900 23269 «2120 1808 «1302 «8024E<01 ,S460Z=51
6.0 L7566 #4732 <3004 «1877 1898 +1288 «20828-01 ,5083E~-01
7.0 o7647 4593 ~2809 1678 1388 «12%6 +7277E01 L4879E=01
0,0 7382 «4376 '2628 #1837 o227 01260 «T362E<21 ,4125€-0l
9,0 L7297 4272 <2488 #1399 +1798 «1233 «6902E=01 ,3893E=01
10,0 o727 #4173 «2328 »128% <1008 1171 28328201 .3803E~01
20,0 L4949 «3508 .1660 +TI36E01 JT2606E201 I96SE00]1 ,49i28«0] ,2297E=01

cras/e
+209%
1217
+84048=01
+85278«01
+«T7718Ee5)
«710AE=01
+6623L#01
+5812Ee01
+4928Eap]
«4S46E=0]
+4494E0]
«3607E«01
+316nE=01
+2789E-01
«2587E-41
22294 €-01
.d20age01

vur
1,001
1.008
10009
1l.010
1.010
14011
1.011
1.012
14013
1,018
1017
1,020
1,020
1,028
1226
1.028
1.040




PAGERAN QY
2.8, C'!STIL

ocrcagr oM

RL/R8  chi/L

led L7640
1.1 « 7607
Je2  oT7027
1¢3  ,77¢8
1eé M7
1«3 8006
1.8 (0082
Je?  o8846
o8 L8033
1% L0003
T.8 7907
2e2 J1002
Re86 TS
S8 LTT02
28 W77
3.8 oT088
3.3 1547
YN 3 1
4,8 JO7
S8 7301
S0 JT189
Tes  oT088
8.0 692
Se8  o480S
186 (0758
et L0211

4 7 4 4

«6633
«53%8
4318
«8381
266
037
6332
«5310
16258
6143
6068
+387Y
5802
«503%
+S584
«5047
3231
+5044
«4951
o4T74
+43518
04323
«4163
4338
«3011
«1TE

ce3/se

7030
«6880
8737
«8401
26239
5931
+3022
5683
5880
+«53%98
5229
«4923
4800
488
. 4SS
+0288
3984
«3740
2541
«3308
3043
2840
« 26359
2315
«2308
1098

Table II-1 {Continued)

z‘xrcr ON ¥ NbEIOLiﬂt TRANSFORVER TAS

PACT INC! NORMAL

Ceest

8430
+$273
+6018
+5670
«3682
83N
5200
+4973
«8713
« 4594
«4433
4108
«3800
+3660
3492
3338
22994
« 272
<2518
22382
«2084
+ 1847
+ 1682
+1549

ol1444

«89682-01 ,6037E=01

280 YO 376,
cnuPLING = 17 1o 16 On
BaND¥IDIN & 3,00/1,
ces/t Cui2/se  cwassE
<7669 J2758 *1796
7266 «2873 1648
<8752 2819 «1831
+68T6 2301 s1444
+5251 «21%0 «1360
«SAS9 «1633 01307
5876 +1808 01296
5278 +1808 «12%2
5811 o1479 «1220
6776 o1488 e1103
4568 #1435 o1181
4182 01392 s1188
»3189 «1360 v1048
<3588 1326 +1080
L1377 «1298 «9603€01
+3182 278 «98528<01
24 «1248 «90622-01
o 2481 o1199 «84208-01
o 2218 »1160 oBL4dLe0]
2428 e1108 +7738E<01
«1720 «1069 +7148E001
«1508 o030 +6666E<01
«1338 0993401 (8277201
01204 «$3032201 .S2393E<01
.1102 «9384E<01 .5755E<01

+T728E<01 (4135E-01

26

€
77SQRT(EPSR)

CHIA/E
1796
«1873
«1333
«1388
01299
21261}
1172
1131
#1085
01768
«1413
+ 3884801
«8883E-01
«8307E=p1
«8016EeC]
«T687Ees]
+53847E=p)
«6213E=01
«S748Ee0]
+5399E-01
«8787E=(1
«4350E=01
»3975E=61
3054801
«J026Eep]
«2123%e0]

Cras/E
2758
2237
#2034
«1520
+1302
1237
+1114
1050
+101n
+9393E~01
+9173E=01
+A597E=901]
+80432=0]
«7514E=0)
«6851€=01
+6408Ee0}
+«5651E001
«5020E=01
«480AE=01
+4079C»0]
+3502E-01
+303RE=p)
+2110EeC1
«24%4E+0)
«2236E-0}
+1282E01

VSwR
1.000
le008
14015
1e021
le027
1.031
ley3s
1le038
l1enal
lenas
1.050
le057
1.062
1.087
141
14076
1.087
14098
leleos
lelll
le128
lel4s
1153
1e105
1178
1,258




: PROORAN BY
: Lole CRISTAL
gCToRER 197

fL/re coy/t

$e80 L8556
Tel 48364
1e2 8293
1¢3 J8214
Teé 8160
1.8 8099
1e0 (8037
is7 L7903
1s8 IO
19 + 7894
2.0 L7833
2.2 19
a4 27667
2.6 L7598
3.8 7518
348 oTAMS
3.8 L7207
48 7177
4,3 ,Tnel
Se0 48947
60 L6705
Te6 +6639
8.0 8478
0 «6378
10.0 6817
200 +3801

co2/¢

JT208
4974
+6083
+6726
066164
<6486
+$399
«$293
6202
«$120
4010
+3088
5714
«5593
+5607
<3187
#5123
4930
<4730
od800
4358
o143
3981
+3082
3080
3172

C3yse

N2
<6816
68
«6019
«6216
6024
+5865
«5701
+5384
«Se38
«8273
+5018
Y TS
YT
«4502
4388
4084
3792
#3593
3403
3122
2899
218
#2574
«2580
1878

Table 1I-1 (Continued)

S SECTION MEANDER«LINE TRANSFORMER TARLE
CAPACITANCES NORMALIZED TO 376,7/S9RT(EPSR)
couPLING s 10 To 16 08
AANDRIDTH = 4,00/1,

cosse {3713 CcH12/8 C¥23/E Cu3e/E
«7333 A543 «1588 +1633 o1582
06648 7187 1664 01633 1654
+6388 1224 +1594 1487 «1409

+ 6080 +6769 +1586 +1410 «1370
«3772 LT 1496 01384 +1285
+5507 5987 +1456 21298 1217
+52758 +5661 «1430 01231 01186
+5067 5375 <1399 o114 <1123
*3884 #5125 #1373 «1159 1386
04742 4907 1348 01127 +9955E-01
24561 24493 #1329 «11i8 «9827E~0)
429y .4338 01283 «1071 «9213E-01
<4081 «4H26 o1254 01022 +8608E=0]
«3848 +3765 «1220 +9783E=01 .B8140E=0]
«3689 #3534 +1198 +945R8E=0] J7T711E=01
«3800 «3328 2177 «9151E+01 ,T406E-01
N170 +2935 «1123 «8520E=01 6836E-01
12893 +2618 <1088 2 TR46F<0] 6084801
«2687 «2376 +1060 »7589E<01 ,S5S97E-31
« 2508 #2176 +999TEca] JT2]4E-01 ,5280E-01
2213 +1R61 «9374Een1 (6500E«0] ,45623E~01
«2010 1643 90102201 +6179E=0) ,4165E=01
«1838 11472 +8640E01 ,S5764Te0] ,3884E=01
o17n0 L1332 #8337E41 +3449E+01 (ISTLE-DL
«1620 21280 «7807%201 (5096201 ,3350C=01
1083 «TIIGE=01 L6TIVE=0] (3788E=01 ,2176E=0}

27

CHAS/E
.1603
<1619
+1482
+1352
«1260
.119%
1138
L1074
1016
+5488Ee01
+$142E-01
JA272E=01
+T684Ew0]
» 7124891
+6699Ee01
6274E=p1
+5458Een
+4895Ee01
+4398E«p]
+3999Ee01
+3482Ee01
+30278=01
»2714E=01
J24T1E-01
+2280E-01
R EXLITT)

VSR
1.000
1en}?7
1.03%
1.044
14056
14068
1.079
1,090
1.100
lelln
1e119
1137
1153
1165
1.178
14189
1e21#
14242
14264
l1e2R4
1.32%
1,359
1.395
16426
led8d
1.723




Table 11-1 (Continusc)

Eovs eh3Ta AN e T e el T, :

OCTOSER 1971 eaupLINg o 10 1o 15 o -

aandullte s 5,088/1, :

RL/Rs cost ce2/e ceys2 Csa/t c63/E CXI/E cr3IE tN3esE CHAS/E vswa :
1e3 L0332 7079 7193 «7149 oK4rS 1448 #3062 1700 328 HY.I3}
1o} «8323 «S%8s %19 28731 <TAp? «1762 01548 1566 <156% .03
1s2 J0201 +6831 438 o408 «T288 03057 01459 o132 +1453 ITY)
T1e3 (8148 6731 8473 +8121 «hROS +152¢ 1382 1312 «13%2 lensy
1e¢ L8111 « 08598 6263 8851 ohe22 +1473 +1535 1785 +1254 Te1nl
1s8 L8038 « 8874 +8313 «5612 o5ATH +1425 01254 +1125 1T 1119
1e6 7962 6386 -5098 +5398 8772 «13%s «12i8 «1130 .1100 1135
1o JT8%8 o8247 «3733 5197 23832 1348 S ELL] 21083 L1037 14153
1.8 7823 +8133 5588 <5016 +5254 «1319 o1l4s o1n39 «I85AE«01 1.169
19 L7748 +0048 +5648 +4848 +5A3R 1289 o113 «9CRITe0] ,QIVSERn? 1,10
2e0  (T698 25982 5320 «4698 JOR25 12687 °1872 «$810E=0] _ASBAE~0] [.19%
22 L7580 S782 +5088 4828 4478 <1229 1826 «9928E=03 ,R161F-01 1.225
b JTAN2 +5827 +4878 8185 +4168 1194 +9893Ea0] ,85p3Ee0] ,TRBRE=QY 1,285
2.6 1387 R 115 ] 0598 <3983 <1908 «1163 oSeRREe0] ,B337EC01 ,T23sEeg) 1.28%
2.8 73 3372 «4839 s +3882 1132 «9163Ea01 T637Ee0l 660301 1.3na
b 1 IS 7 4 U 5256 +4391 3638 +483 1100 oB756E401 LT312£001 ,4281E=~51 14228
3,5 LTe3s 3022 107 3321 «3n8S 3050 «2139Le01 6483E=0Y .3456E=0] 1.278
LTS BN 2 2 4818 «3043 +3082 «2776 «SR08E-0]1 TETALL0]1 SOESEepl ,4881£-0] 1.422
[ 1S Y 3 ¢ 31 4613 3017 2837 « 2521 +9521Eent (7282€-01 .SSETE~D) _4e63Ee01 1,463
Be0 6888 ° 8483 «3841 2042 #2324 »92152+01 .6950C<01 S158E=01 ,4080F«2] 1.58%
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PROGRAM BY
Ce@s CRISTAL
OCTOBER 1971

AL/10  COY/E
L FYREY 3§ 3
1e1  J8188
142 28271
163 L8178
leé 48076
1.8 7980
1e6  o78%
1e7 L7809
1.8 L7190
1e8 47692
2.0 L7981
del o709
2.4 718
2,6 7202
2.8 o 7098
3.0 6998
2,5  «078)

A e tRidTaL

7 octoszr 1971

? Ro/R8  cOY/@

L 10,8538

E 1ol 8297

: 1e2 48236
1¢3 L8138
1.6 48018
1e8 47900
Jeb 7787
1e7 47679
1.0 L7877
1e9  L74N
2.0 7302
2.2 o222

co2/t

08912
6872
6631
06726
578
+5040
«6318
«8200
«6093
5994
«5898
ST
#5561
5416
«5283
5163
4991

coz/e
« 7238
«698Y
6847
06683
$ 0534
6394
06263
«6138
«6018
+996%
8798
3622

cosse

<1200
16963
6869
6491
6276
«6081
5907
8744
+5599
15462
+5334
+5111
«4903
721
«485%6
4409

l0é

casse
+7300
6937
08721
6469
6268
06088
«5917
5789
+5611
5476
«5348
+5126

Table 1I-1 (Continued)

8§ SECTION MFANDEReL INE TRANSFORMER TABLE
CAPACITANCES NORMALIZED 70 376,7/SCRY(EPSA)

COUPLING = 10 T0 16 0B
RANDWIDTH &  6,00/1,

COA/E CGS/E CMI2/E cM23/E CMIA/E CVaS/E
#7054 A286 «2071 1737 1638 Jd922
6748 . 1783 +1086 01576 1545 1618
8434 7274 + 1578 +1400 1424 J1458
06167 +BASS W51 01368 1317 J1327
+5A9n YY) 11452 e1336 +1244 1252
+S6A2 .6136 J1606 ‘1259 1182 .i168
+5488 S5247 o1361 1272 1127 109
48266 5582 1326 1173 +1080 L1033
+5083 +5334 .1289 o113 01032 L9858E=01
4924 8122 «1260 01092 +9961E20] ,936AE=0])
“r13 «4923 1230 '1061 +9603E=01 ,H954E=01
4514 4578 #1195 11006 +8986E«0) ,A242E=01
4288 04288 «1181 +9586E=01 (8457E=01 ,7599E~0}
%080 #4030 1217 «9188E=01 ,8014E«0] ,713ME=0)
+JR9S LI RILE] +8835€«01 T630E=0) ,670%5E=01
3731 03606 .1058 +8539Een] ,7305E=01 ,635AE=0}
03413 #3211 Jl002 +T9R2Een] 65T2E=01 ,5562E=0]
T N e m st 1aEn 70 76, 7500nT (ERSR)

COUPLING = 10 To 18 Dp
RANOWIOTH =  8,00/1,

Cou/E COS/E SM12/F cMra/E CMIN/E CNAS/E
JTa84 JART2 #1590 01735 21496 JJaes
6713 « 7732 e1709 «1570 W1517 21684
NYSL] J7314 1987 01433 1406 1458
8172 BATA +1496 oi372 $1337 (1354
+5932 J8823 1446 #1370 1087 Jdees
8717 +6208 +1390 012543 +1186 $1169
+8520 #5932 1344 «1198 +1130 1102
+3328 #5683 «1303 o1155 J148Y 1084
+8169 + 5454 1267 1177 1736 ,9972E=01
«8012 5245 #1239 1079 «9973E=01 ,9%54n" <
08T +5060 1210 «108n +96usEapl ,911AE=01
4628 4730 $1158 «9086E<0) ,9027E=01 ,8362E-01
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VSWR
1.000
10043
l1e0R4
1.116
1e144
117
1194
1,220
1.243
14265
14206
IRTY;
1:366
1,402
14439
1e474

1,854

VSR
1000
14063
1e116
1,168
10245
1257
1.298
1.336
1,374
14411
1.447
1.819%




T TR M
R T s G e g AN o0 £ N MNP PP S s A T T,

Table II-1 (Continued)

PAQSRAN BY S SECTION MEANDER~LINE TRAMSFORMER TABLE ¢
Ee8, CRISTAL CAPACITANCES NORMALIZED TO 376,7/SQRT(EPSR)
OCTOBER 1971 CAUPLING s 10 To 16 D

BANDWIOTH & 10,0041,

RL/RO  CO1/E co2/e cos/e coese CGS/E CMI2/E  CF3I/E  CMIW/E  CNAS/E  VSWR
1.0 48476 27348 o522 o 7532 ARTT 01682 01482 01434 L1430 14000
Tel 8336 16989 +69%0 + 6826 £ 7881 +166% 01564 #1505 .1535 10074
1e2 9298 +6068 16694 8493 « 7366 *1538 o16433 01484 L1139 1.140
1,3 L8092 +0681 +6480 +622% «6927 1808 +137% 1327 L1328 1,202
Job 47903 +4501 +625% 5944 oAS4A olasl *1329 -1262 01263 1,264
1.5 7048 +6387 16078 o873 +h236 01398 si28r +1198 J1184 14313
1.6 M9 8219 +5908 +954n «5972 o1346 01242 01137 119 1,373
1.7 (7596 16087 8vS2 +9363 #3734 +1303 01187 o1009 1064 14425
1.8 7476 5981 +S608 +5209 »S513 1267 1178 1746 J1618 1,476

1¢9 7304 5841 5464 5049 5317 01234 1084 <1011 +«9703E-01 1,526
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2. Discussion of Design Tables

For the data presented in Table II-1 the coupling between
meander~line turns was arbitrarily (after some analytical experimentation)
required to be within the range 10 to 16 dB. This range of coupling
generally yields a realizable and compact structure for co-planar coupled
strips. Tighter than 10 dB coupling tends to become difficult to realize,
while greater than 16 dB coupling is entering a region that is beginning
to separate the adjacent strips farther than is desirable. Since the
effects of the finite-length interccanections between strips were
neglected in compiling the Table II-1, the interconnection lengths should
be made as small as possible, if the measured performance of the trans-
former is to correspond well with the theoretical performance. In the
realization of the transformers, compensation of the interconnections

will gererally be required.

The effects of varying the coupling between meander-line turns
are shown in the graph of Figure iII-6. This graph is for the particular
case of N = 4 turns, RL/RG = 2, and BW = 3:1, but is typical of the
results in the general case. The graph plots maximum VSWR in the pass-
band as a function of coupling between turns. The horizoutal arrow
depicts the range of coupling allowed. The right-hand sides of the
arrows are connected by a smooth curve. This is somewhat arbitrary, but
is justified by the fact that coupling values determined by the computer
tend toward weaker coupling in most cases. In any event, the qualitative
result is the same regardless of the way the curve is connected. The
data show that for a given bandwidth the peak VSWR is minimized when the
coupling is weakest. Thus, for the class of meander-line transformers,
Stepped-impedance transformers yield the lowest VSWRs. This is not an
especially surprising result, since the coupling between turns introduces

constraints on the physical realizability of the meander line. Also, the
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FIGURE II-6 VARIATION OF PEAK vSWR FOR VARIOUS COUPLING VALUES BETWEEN
MEANDER-LINE TURNS

same conclusion might be inferred from the data of wenzel,l""ls which
showed that C-section transiormers™ have smaller bandwidths than stepped-

impedance transformers for a given VSWR and number of sections.

Since Table II-1 was developed using numerical techniques,
it is worthwhile to examine the responses of the transformers in some
detail. Figure II-7 shows typical computed responses for 3- , 4~ ,

and 5-turn-mezander-line transformers, all having 3:1 bandwidths, 3:1

* A C-section transformer may also be considered a two-turn-meander-

line transformer.
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FIGURE I1-7 VSWR vs. ELECTRICAL DEGREES FOR N = 3-, 4-, AND 5-TURN MEANDER-
LINE TRANSFORMERS
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impedance transformation ratios, aud 10 to 16 dB coupling between turns.

Nt e v e

The improvement in VSWR with increasing N is evident. The VSWRs are

not quite equal-ripple, but, on the other hand, are so close to equal-

f ripple that the difference i- virtually academic. Certainly, in any
reslization of these designs, the effect of losses, interconnections,

ard parasitics would completely obscure any differerces between these

and precisely equal-ripple designs. Note also that the peak VSWR occurs
at the band edge.* Since it is the peak VSWR that is given in Table Il-1,
and since the band edge performance is almost always degraded in actual
hardware realizations, a user may generally assume that the maximum VSWR
is slightly lower than that given in Table II-1 over the baund of

application.

Figure II-8 presents representative data of maximum VSWR versus
bandwidth (BW), with the number of meander-line turns as a parameter.
Also plotted are the corresponding data for stepped-impedance transformers.
The impedance transformation ratio is 2:1 and the coupling between meander-
line turns is 10 to 16 dB. The data show that superiority of the stepped-
impedance transformer with regard to electrical performance. However,
equivalent or improved performance is always possible with meander-line
transformers by adding additional turns. Again, we reiterate that the
principal advantage of meander-line and hybrid meander-line transformers
is the reduction in overall length and the ircreased flexibility in
obtaining suitable shape factors for the stripline or MIC transformers

being considered.

*  This is not always the case, but is usually so.
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FIGURE II-8 VSWR vs. BANDWIDTH FOR MEANDER-LINE AND STEPPED-!MPEDANCE
TRANSFORMERS

3. Example Design

The use of the meander-line-transformer gesign tables {Table II-1)
will be illustrated in the following example. It is required to maich 25
to 50 ohms over a 3:1 bandwidth. The maximum VSWR aliowed is 1.1.
Checking Table II-1 for RL/RG = 50/25 = 2, and for N = 2. 3, and 4,
shows that the maximum VSWRs are 1.352, 1.288, and 1.095, respectively.
Thus, N = 4 turns is sufficient. The parameters from the N = 4, BY = 3:1

tables are as follows:

CGl/E = 0.7757

CG2/E = 0.5699

CG3/E = 0.4826

CG4/E = 0.4744 (11-6)
CM12/E = 0.1298

CM23/E = 0.1041

CM34/E

0.09285 .




s ligl

We will assume thar the trausformer 1s to be constructed in stripline

on 1-0z copper-clad Rexclite 1422, which hes a relative dielectric con-
stant of 2,54, Siace the tahles are calculated on the basis that the
"load" is always greater than the source, the generator resistance in

this case is identified as 25 ohms. Conscquently, substituting Eq. (I11-6)

into Eq. {II-5) (page 9) -—ields

376.7
c /e = ——==1 {0.7757} = 9.454(0.7757) = 7.334
& 25 /3.54
c /e = 9.454(0.5699) = 5.388
£,
Z
c /e = 9,454(0.4826) = 4.563
&3
C /e = 9.i54(0.4744) = 4.485 (11-7)
g,
C,,/¢ = 9.454(0.1208) = 1.227
C,./¢ = 9.454(0.1041) = 0.9%2
C.,/€ = 9.454(0.09225) = 0.8788 .
o

Substituting Eq. {(II-7) intc Getsinger's data yields the results given

in Table I1I-2,

C. Experimental Results

1. Three-Turn-Meander-~Line Transformer

A three-turn-reander-tine transformer was designed to mutch a
25~chm load to a 50-ohm source over a 6J-percent bandwidth (BW = 1.857).
It was constructed in stripline using l-oz copper-clad Rexolita 1422,

and a ground-plane spacing of 0.250 inch. The e.ectrical zné d:iaensional
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Table 11-2

EXAMPLE FOUR~TURN-MEANDER-LINE
3:1-BANDWIDTH TRANSFORMER DESIGN

(RL,/RG = 2)

Conductor w/b* s/b¥
1 (25 .. end) 1.580 0.105¢
2 1.224 0.1508
3 0.9911 0.1767
4 0.8127

* w/b = Strip-width-to-ground-plane
spacing.
T s/b = Interstrip-svacing-to-grounc~

plane spacing.

parameters are given in Table 1I-3. The nominal center frequency was
) GHz. The interconnections between meander-line turns were nite,ed

experimentally for a satisfactory VSWR., Four 1/&-watt, iv0-ohm carbon

Table II-2

ELECTRICAL AND DIMENSIONAL PARAMETERS FOR AN EXPERIMENTAL
STRIPLINE THREE-TURN-MEANDER-LINE TRANSFORMER

Linewidth, Inter-Line
. Cc /e c. . €
Line gi i,i+l w Spacing, s
(inch) {inch)
1]
1 (25~. side) 6.7191 1.6V05 ! 0.354 0.015
2 4.2162 1.5 74 0.2:16 0.018
3 (50-.. side} 1.1891 | 0.196
Impedance transformation 2:1 iTheoretxca] VSWR =~ 1.048
Fractional bandwidth 0.60 (BW = 1.857)!}
1
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resistors conitected in parallel were used for ihe 25-ohm load. A
photograph of the final design is given in Figure II-9. The meacured
and computed VSWE's are ;hown in Figure II-10. Note that althongh the
center frequency of the transfcrmer is slightly high, and although there
is some degradation in the response near the upper band edge, generally
speaking, there is excellent agreement between the two curves. Also,

a photograph cf the measured reflection coefficient from 400 to 1400 MHz

is shown on an expanded Smith chart overlay in Figure II-11.

2. ¥ourth-Order dybrid Meander-Line Transformer

In order to confirn the theory and design procedure for hybrid
meander-line transformers, an N = 4 hybrid transformer covering a 4:1
bandwidth and matching 25 to 50 ohms was designed. The theoretical VSWR
is 1.14. It was also constructed in striplinc using 1-0z copper-clad
Rexolite 1422, and a ground-plane spacing of 0.250 inch., Its nominal
center frequency was 1,250 GHz. The electrical and dimensional para-
meters are given in Table II-4, and a photograph of the transformer
after the interconnections were mitered is given in Figure 1I-12. The
measured data at the high-frequency end of the passband indicate that
the interconnections are not completely compensated; nevertheless, the
mean return loss is about 23 dB. Hence, the correspondence with the

theory is very good.

43




HIWHOLSNVHL
INIT-U2ONVIW-NHNL-33HHL TVINIWINIIXS 30 HIVHOOLOHd  6-1I IHNOIA

5

T SETGH s

P

2o0p MR T Feprry

XY 3

Y Fotiogy Ve 610

m

Xt H

QTS




Ty A TR By b < S R ST R S e TR iRl s ios L s e R R #&E““«Eﬁ_

1.7

VSWR

MEASURED

FIGURE i1-10

\\ —— COMPLEED__ - /

: ~
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400 500 600 700 800 800 1000 1100 1200 1300 1400
FREQUENCY -— MHz TA-8245-124

MEASURED AND COMPUTED VSWRs FOR EXPERIMENTAL THREE-TURN-
MEANDER-LINE TRANSFORMER
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Table II-4

ELECTRICAL AND ,)IMENSIONAL PARAMETERS FOR AN EXPERIMENTAL
FOURTH-ORDER STRIPLINE HYBRID MEANDER-LINE TRANSFORMER

Linewidth, Inter-Line
C /e cC. . /e .
Line gi i,i+l w Spacing, S
(inch) (inch)
1 (25-0 side) 7.208 1.2300 0.380 0.026
2 6.182 0.0 0.316 -
3 5.2792 0.9006 0.253 C.043
4 (50-¢ side) 4.5239 2.206

eproduced from
25t available copy

i e
R

SO,
2

FIGURE H-12 PHOTOGRAPH OF AN EXPERIMENTAL N = 4 HYBRID MEANDER-LINE
TRANSFORMER
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FIGURE i1-13 MEASURED AND COMPUTED RETURN LOSS FOR EXPERIMENTAL N = 4

HYBRID MEANDER-LINE TRANSFORMER
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111 NEGATIVE-IMPEDANCE CONVERTERS

A, General

During the final reporting period, two types of negative-impedance
converter (NIC) circuits were designed and constructed: (1) a high-power
NUNIC filter and (2) a FET-NIC filter. A high-power NUNIC filter was
built to show the applicability of the NUNIC design approach to the

realization of large-signal as well as small-signal devices. A FET-NIC

filter in integrated form was built to show that active filters can compete

with crystal filters in stability, bandwidth, and size.

The design and performance of the high-power NUNIC circuit is dis-
cussed in Section III-B, and that of the integrated FET-NIC filter in

Section III-C.

B. The NUNIC Circuit

1. Qualitative Analysis

A description of the operation of the NUNIC circuit, along
with some measured results, was presented in the Semiannual Repor: 1
on this contract.*® A high-power filter operating at 230 MHz was
designed and buill using this circuit because the NUNIC utilizes the
inherent time delays in high-power transistors and their intercor iections
in order to operate at much higher frequencies than are possible using
conventional NIC circuits. However, temperature and transistor parameter
sensitivity may be a problem with the NUNIC becausc the common-emitter
transistor, whose gain is beta-dependent, operates with no negative

feedback. The addition of negative feedback can be easily implemented
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by inserting a resistor (or more complex load) in the emitter-to-ground
path. This complicates the analysis of the circuit because h11 is no
longer small and is a strong function of the emitter load. Collector-
to-base feedback in the common-emitter stage is not useful for achieving
negative feedback, for two reasons: (1) Such feedback tends to lower
the output impedance of the common-emitter trausistor, which in turn
increases the sensitivity of the circuit to parameter changes in the
common-base transistor, and (2) unavoidable parasitic effects tend to

make such feedback much less effective at microwave frequencies. There-

fore, negative feecdback was applied to the NUNIC circuit as an emitter

load Z , as shown in Figure III-1.

The commcn-base stage, because its gain is dependent on alpha
rather than on beta, is much less sensitive to parameter variations.
This is because alpha changes much less than beta with changes in operat-
ing voltage, current, and frequency. Consequently, no attempt was made

to add negative feedback to the common-base stage.

%
{Port 1)

TA-8245-125

FIGURE ill-1{a} NUNIC WITH NEGATIVE FEEDBACK-
SCHEMAT!C DIAGRAM
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The element values for the NUNIC circuit with emitter feedback
were chosen to give the desired impedance function at Port 2 while
maintaining as much negative feedback as possible in the common-emitter
stage. This is accomplished inost efficiently by using a computer program
designed to chose element values that minimize the sensitivity of the
input impedance at Port 2 to transistor variations, while still main-
taining the proper impedance &t that port. However, the development of
such a program was beyond the scope of this contract. Instead, the
following procedurz was adopted. (Each step will be explained in detail
as we come to it.) One first chooses an emitter impedance Ze’ and then
tries a series of load impedances ;L’ from which one computes the input
impedance Zin at Port 2. After a series of trial-and-error calculations
to obtain the desired z, » one thus selects the "optimum" Ze and ;i—-
they are "optimum" in the sense they give not only the desired

Zin’ but also low sencitivity to variations in the transistor parameter,
%X' Refer to Section 4 for a more explicit design procedure.

It should be mentioned that there is another practical limita-
tion on the magnitude of Ze. Since the emitter current of transistor X1
flows through this impedance, tnere is a voltage drop across it that may
be considerable. The collector current Ic1 of transistor X1 is approxi-
mately BIb, where Ib is its base current. The emitter current Ie1 of
transistor X1 is approximately (3 + 1)Ib. At the frequency where the
NUNIC circuit is used, the magnitude and angle of 3 are likely to range
from 2 to 5, and from 140o to 120°,respective1y. Consequently, the
magnitude of the collector current |81b! is generally quite close to the
magnitude of the emitter current l(B + 1)Ib|, as is indicated in

Figure I1I-2; in symbols, I is approximately equal to Icl' The

el
collector current of X2, which is 102, is approximately aqual to its

emitter current, Ie2’ for the same reason. Referring to
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FIGURE ll1-2 PHASE AND AMPLITUDE OF § AND § + 1

Figure 1I1-1(a), Ic2 is therefore approximately equal to I62 = Icl’
hence approximately eqgual to Iel' Now, I1 and 12 are both
supplied by the collector current of transistor X2, and Il and 12
are approximately in phase in order for NIC action to occur. Therefore,
any X2~c011ector current flowing into I1 is not available at Port 2.

I1 may be decreased by increasing the beta of transistor Xl. Thus it is
important that transistor Xl have as high an ft as possible in order to
maximize the power output of the NIC. A second consiraint on transistor

X1 is that it must be capable of handling at least as much current as

the output transistor, {2. A third constraint on transistor Xl is break-
down voltage. An impedance in the emitter-to-ground path of tramsistor

Xl has flowing through it a current at least as large as the output current
I_., Thus, an emitter impedance comparable in magnitude with the impedance

2
seen by the oatput transistor, X , will result in comparable voltage

2
swings in the emitter of transistor Xl. Although this results in a large
amount of negative feedback, it also means that transistor Xl must have
a voltage-breakdown rating similar to that of transistor X2. This require-
ment is in conflict with the requirement for a high-gain transistor at
Xl, because raising the breakdown voltage of a transistor of given

geometry tends to lower its gaiu. Therefore, voltage-breakdown considera-

tions may 1limit the magnitude of the emitter impedance of transistor Xl.




To recapitulate, transistor Xl should be a high-ft, low-voltage
device, and transistor X2 should be a lower-ft, high-voltage device.
At the highest frequency of operation the beta of transistor X1 would
be chosen to be no less than 2, so that not too much ¢f the output
current from transistor xz would be lost to feedback. Similarly,
transistor X2 would be chosen to operate below its alpha-cutoff frequency.
In a later section, techniques that raise the upper freguency st which
negative resistance can be generated will be discussed. However, such

techniques will tend to rxreduce bandwidth.

2. Choosing Transistors

The common-base transistor X, operates "Class A" and is there-

fore limited in efficiency to less than 50 percent. A power output

capability of 2.5 watts from this transistor requires that it dissipate
at least 2.5 watts at full output. The total dc input of at least 5
watts must be dissipated by the transistor when no input signal is
present. A transistor with internal emitter-balancing resistors is
essential for operation ~t this power level. Experience with the
Fairchild MSA 8505 transistor has shown it to be rugged which,

combined with its alpha-cutoff frequency of 500 MHz, makes it quite
suitable. An operating voltage of 20 volts frum collector to base was
chosen, to be on the conservative side, and an operating current of
250 mA was chosen because it is approximately in tue midule of the
lingar operating range of the smaller common-emitter transistor that
was initially used. The MSA 8505 transistor is capable of cperation

at 500 mA of collector current if a larger common-umitter transistor is

used.

The common-emitter transistor X1 can operate with a l-wer
collectcr-emitter voltage than X2, but xt should have an :t‘t of approxi-
mately 1 GHz. For this application, another readily svailable transistor,

the MT 5764, was chosen together with a backup device, the MT 5765. The
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current capsbilities ¢f the MT 5764 a: rea.ed barely adeguate; therefore

the slightly-lower~gain MT 5765 capable of nearly twice the current
swing was also acquired. The MT 5764 is capable of continuous operation
with 10 volts from collector tc emitter and 2530 mA of collector current.
It was anticipated that the MT 5765 transistor would replace the smaller
device, once some experience was gained in mouating, heat siuking,

piasing, and stabilizing the transistors,

3. Load Impedance and Power Capabiliies

If all the collector current of transistor Xo was assumed to
flow through the external load at Port 2. then one could easily compute
the maximum sinusoidal RF power, Pl, available at that port. This power

would ve

P (I111-1)

w¥hich is the maximum undistorted power output from a Class A amplifier
operacing at Ic collector amperes and Vcb collector-to-hase volts.*

At 23C MHz, nearly 0.2P1 was calcuiated To be fed back to the base

of the common-emitter transister. A higher-gain, more exotic transistor
than the HT 5764 would help to lower this loss, but the attempt here ic
not to wring the last dB of output from tne NUNIC at all cost, but rather
to achieve a practical design with transistors that represent a practical
compromise in ccst-versus-performance at the operating frequency. The
expected undistorted power output from the NUNIC, PO, wouid therefore be

given by:

P = 0,41 -V . (111-2)

* See Ref. 16, p. 36.




When the NUNIC is embedded in a one-pole filter, theretby
rendering the filter lossless, the maximum undistor<ed RF power output

from the filter, P is given by*

out’

P
. 0 -
L u

The quantity QL is defined as the loaded Q of the filter with the WUNIC

embedded, and Qu is defined as the Q of the tuned circuit alone, with

nothing else connected.

In a lossless one-pole filter the positive load resistance on
tke NUNIC would he Rp, the parallel-equivalent loss resistance of the
tuned circuit.+ This loss resistance is neutralized by the NUNIC's
negative input resistance to make the tuned circuit effectively lossless.
Ra, the optimum load on the NUNIC for maximum power output would be given

by*

cb

. (I11-4)

The 0.8 in the denominator results from the loss of 20 percent of the
output current to the feedtack loop. For the maximum filter power
capability, Rp would be made equal to Ra in order to naximize the power

delivered by the NUNIC.

Equations (III-2z)., (III-3), and (111-4) can now be used to
estzblish the operating conditiuns and the load for the transistors used

in the high- power NUNIC.

* See Ref. 15, pp. 41-44,
See Ref. 16, p. 45.
See Ref. 16, pp. 35-36.
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For example, if the NUNIC is operated at 250 mA of collector
current and with 20 volts from collector to base on the common-base
transistor, then the NUNIC power output, PO, as calculated from Eqg. (I11I-2)
would be

P = 0.41V = 0.4 X 0.25 X 20 = 2 watts (+33 (3m) .

0 c ¢b
The power output from the filter would depend on the relative Q multi-
plication desired. Suppose the NUNIC filter utilizes a tuned circuit

whose unloaded Q (Qu) is 80. If this tuned circuit is used in a filter

whose loaded Q (QL) is 85 (2.7 MHz bandwidth at 230 MHz), the maximum

undistorted filter output power, POUT’ would be [from Eq. (III-3)]:
P
P = 0 = 2 = 0.94 watt (+29.7 dBm)
OuT 2QL/Qu - 170/80 ~ T ) ’

Also, the optimum load resistance Ra’ is found to be [from Eq. (I1I-4)]:

\Y
. chb 20
R = = = 100 ohms .
a 0.81c 0.8(0.25)

A theoretical basis for the calculation of intermodulation (IM)

diste~tion in a NUNIC filter nas et been worked out. An emitter

impeda'.ce of 10 or 20 ohms will minimize the distortion generated by the
common-emitter transistor. Ilowever, it is likely that the varactor

effect of the collector-base junction of the common-bhase transistor is

a significant source of IM distortion in the NUNIC, just as it is in
linear-transistor power amplifiers at these frequencies. Replacement

of the MT 5764 by the MT 5765 transistor having twice the current-handling
capability will allow twice the filter power oulput for the same collector-

voltage swing, with a corresponding increase in the third-order intercept.
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In addition, R8 would be decreased to 5C ohms, thereby further reducing
the IM distortion because a smaller fraction of the NUNIC output current
would flow through the varactor and a larger fraction through the increased
load c¢onductance. Therefore, the replacement of the MT 5764 with a MT 5765

should increase the third-order intercept of the NUNIC tfilter by 6 dB.

4, NUNIC Load and Emitter Impedances

g A NUNIC circuit design that will generate -100 ohms at 230 MHz
; will now be presented. This will satisfy the specifications of the
previous section and will also neutralize tuned-circuit losses. To
design such a NUNIC circuit it is necessary to compute the input impe-

dance of the NUNIC whose equivalent circuit was shown in Figure III-1(b).

We adjusted Ze and ;', as described in Section III.1, calcu-

lating the input impedance Zin (as a function of both Ze and ZP) until

v

g

Zin not only equalled -~100 ohms but also showed little sensitivity to

P

*
variations in ﬂx. The final element values for the circuit shown in

G

Figure III-1(b) are given in Table III-1, and a negative~-conductance

In T
2

3 comparison is given in Table III-2.

5 A capacitor, C2,

circuit in order to narrow the frequency range over which the NUNIC

had to be added to the emitter feedback

circuit developed negative resistance. This helped to stabilize the

circuit, reducing the tendency to oscillate.

*In this calculation the starting point for Z was taken as 25 ohms,
because this would give almost unity loop ga?n; Z, was then varied
until |Z | was a minimum with respect to Z,, It was found that |Z, |
was too large, and to reduce it, Z had to %e reduced {always lookiﬁg
for a minimum of |Z n' with respec% to Z’). Once the desired value of
z (namely ~100 ohms) had been obtainedj the alpha-cutoff frequency
(%n) of both transistors was varied by *10 percent, and the effect on
|z: | was calculated. Since the sensitivity of |2, | to the two £
was considered satisfactory, :0 further changes in % and Z were
made. Clearly, there may exist other choices of Z and ;r Wwhich will
further reduce the sensitivity of the circuit to cﬁanges in ﬂa'
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9 Table I1II-1
3 FINAL ELEMENT VALUES
i H L 1 nH H
: L1 16 n b n Lb 2 n
3 1 2
2 c 22 pF L 1 nH L 10 nH
3 1 e e
- 1 2
3 R 100 ohms R 1 ohm R 0.3 ohm
L 1 b b
: 1 2
R 1 ohm R 0.3 ohnm
e e
1 2
L 110 nH c 5 pF C 10 pF
2 c c

C 5 pF o 0.98 u 0.98

e, W
R T

R 12 ohms f 2700 T 1400

.

Table III-2

A CONDUCTANCE CHANGE WITH f_ VARIATION
= f f
4 O “1 Yn
E 0.01022 24C0 1260
3 0.01032 2700 1400
! 0.01039 3000 1540
59
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5 Note that a *10 percent change in fa for both transistors
%, resulted in a change of less than 1 percent in the negative conductance

generated by the NUNIC.

3

5. NUNIC Measurements

Unfortunately, there was insufficient time to replace the
MT 5764 transistor with the larger device, so the following measurements
were all made with only the MT 5764 and the MSA 8505 transistors in the

NUNIC. The collector bias current was thus limited to about 250 mA.

At 230 MHz the third-order intercept and the 1-dB compression

% point were measured under the following conditions:
i v (MSA 8505) 20V
3 cb
e V__ (MT 5764) 10V
= ce
Ic (both) 220 to 250 mA (optimum range)
Q 80
. u
e Bandwidth 2.7 MHz
2 QL 85
Two-Tone .nput Power +8 dBm (for IM test)
E (each tone)

The third-order intercept measured +35 dBm, and the output

level for 1 dB compression was +29 dBm. The noise figure was also

measured, but it was necessary to lower the collector current to 30 mA

in order to obtain a 21-dB reading on the available equipment. At 220 mA

the noise figure was unreadably high, prcbably 25 ~v 26 dB.

6. Noise Figure

Presently, there are no FETs that operate at 250 to 500 mA of
drain current, and yet have reasonable gain at 400 MHz. Hence, a bipolar

transistor was used in the common-emitter stage of the NUNIC, with the
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resulting consequences for nocise figure* that were noted in Section III-

B~-5, above, This high noise figure occurs because the source impedance
seen by the base of the common-emitter transistor (about 200 ohms) is
more than an order of magnitude larger than the optimum source impedance
for minimum MT 5764 noise figure (about 7 chms at 250 mA), In this
respect the MT 5765 operating at 500 mA of collector current should be
even wo~se, The MI' 5764 transistor is not a particularly low-noise
device, and it is being operated at a relatively high frequency, so it
is expected that a noise-matched noise figure of around 10 dB would be
obtained from this device at 230 MHz, Therefore, even without adding
in the noise contribution of the common-base stage, a noise figure of
18 to 20 dB could be expected for the high-power NUNIC, To this would
be added the noise contribution of the loss resistance of the tuned
circuit, which should result in a noise figure for the complete active

filter of well over 20 dB,

7. Circuit Modifications

For operation over narrow bandwidths, sume changes can be made
in the NUNIC circuit that will improve its performance if it is used
mostly to generate negative resistance (as, for example, in a filter),
Consider the one-pole filter of Figure I1I-3, in which the feedback
from the output of transistor X2 to the base of transistor X_ has been
changed from a direct RF feedback to a tapped-coil (or transformer)
feedback, as shown in Figure 1II-3(a)., It is no longer necessary for
the current gain oi transistor X1 to be large in order to prevent loss
of output current, Because of transformer action, the base current I

fed back to transistor X1 may be larger than the transformer current

* See Ref. 16, p. 44.
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flowing from the collector circuit of transistor XZ' ZZ and Ze will be
affected by such tapping down, and it may even be possible to eliminate
Zz for certain combinations of Ze, transistor gain, and transformer
ratio. Since "tapping down" lowers the source impedance seen by the base

of transistor Xl, the noise figure of the filter should improve.

The high-frequency performance of the NUNIC may be improved at
the expense of bandwidth by the use of a reactive transformer in the
feedback loop. A shunt inductor from the collector of transistor X_ to
ground and a2 series capacitor from the collector of X2 feeding back to
the base of Xl will add a negative transmission phase shift (thus
decreasing the loop phase shift at high frequencies). At the same
time, the base input impedance of transistor Xl, as viewed by the
collector of transistor X2, is raised, Figure I1I-3(b) shows this
circuit, It is likely that the capacitor could be absorbed into 2

z’

or that Zz could be eliminated entirely,

None of these circuits has been built and tested, but they

are suggested here to show the direction to be taken in future

investigation.

cC. The Integrated FET-NIC

1, Circuit Design

The FET-NIC* filter circuit discussed in this section was
implemented in microwave-integrated-circuit (MIC) form. The schematic
diagram for the MIC realization is shown in Figure 111-4, and a picture
of the MIC substrate in F’gure III-5. Note that 211 RF chokes have

been removed from the circuit in order to reduce production cost; the

* Sce Ref, 16, p. 48.
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PIN diodes have been replaced Dy a tixed resistor Rs, and the variable-
coupling trimmer capacitors are located on the main circuit boaxrd
(Duroid material), The 0.l-HH tuned-circuit inductor was initially
implemented as a spiral inductor etched on the substrate., The Q of

this inductor was so low (about 8) that it was decided to replace it
with a ferrite~core toroidal irductor of much higher Q and smaller area.
The only disadvan’age o:i the ferrite toroid is i:at the particular
material on hand limited the experimental filter to an operating fre-
quency of 37 MHz because of the rapidly decreasing inductor Q at high
frequencies. However, materials suitable for higher-frequency opzration
are available, The potentiometer on the main circuit board was an

unnecessary frill, but it was useful for setting the bias on the FET.

The elimination of the RF chokes should have a harmful effect
on the power-handling ability and the noise figure of the active filter,
This can be deduced from the low-frequency equivalent circuit of the

FET-NIC filter as shown in Figure II1I-6., The Kirchoff equations for

the loops in this circuit are:

[}

12[Re + (1~ a)nb] (13 - 12)R2

I.-I)J)R =1 I_~1
(1) = IR a3 * (I3~ 1R,
v = I - I -1
gate lg +( 1 3)R1
m
\' = ol R .
gate 2p
1
. . 2 ;
Solving for E_ » one obtains
1
I R
2 12
I1 ) [R, + R_+ R J[R + (1 - a)R R_) R2 .
17 e T R b+ e 2
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FIGURE 1lI-6 EQUIVALENT CIRCUIT OF FET-NIC

However, since Rx' R _, and R3 are about 1 kilohm, while Re and R, are

2 b
about 5 ohms, one may make the approximation that R2 + Re + (1 - Q)Rb =
Rz. Therefors,

I
. 1
1—2 = — (111-5)

[
"

Thus, a large fraction of the current I1 is shunted to ground by the
decoupling resistor Rl, unless Rl can be made much larger than R_.

This is impractical because of power dissipation. 1In the first inte-
grated FET-VNIC, Rl and R3 were about equal; therefore, only half of the
RF source curreant from the FET flows into the emitter of tke bipolar
transistor., In this case the current swing of the FET will limit the
power output of the active filter, because the FET and the bipolar

transistors are biased to draw about 8 mA each,

In .ddition, the noise figure of the filter will suffer because
only half of the signal current from the FET will reach the emitter of
the bipolar transistor. Therefore, some way of eliminating the decoupling

loss was essential for the second integrated FET-NIC,

67




= e R e T AR AT AR AT R e h e T (St S T e B g, - R =
SEew e TR O AT i . - S A T DR R R S e e P o S S s

The integrated FET-NIC operated at a slightly higher current
*
than the first non-integrated FET-NIC, which would have increased the
power handling capability of the FET-NIC filter by 1.5 dB. However,

the decoupling loss of 6.7 dB resulted in a calculated net decrease

in power-handling ability of 5.2 dB. The measured power-handling
capability of the integrated FET-NIC was only 4 5 dB less than that of
the non-integrated FET-NIC. Thus, the first integrated FET-NIC

performed close to expectations.

2. Circuit Redesigg

The relatively large microminiature coupling trimmer capacitors
were replaced by tiny Siliconix B'7140 varactor chips. The NPN bipolar
transistor was replaced by a PNP device, which made possible the complete
elimination of the coupling loss previously experienced in resistors R

1
and R2. This PNP device was a Fairchild 2N4957 chip designed for small-

signal 450 MHz RF amplifier applications. The circuit was made rather

compact, so that a realistic esiimate could be made of the degree of

) Rth

miniaturization possible with tlese techniques. Figure I11-7(a) shows

a schematic of the redesigned FI'T-NIC filter and Figure III1-7(b) shows

the substrate layout.

The measured performan.e of the redesigned integrated FET-NIC

indicated that no electrical sacrii. wns necessary for miniaturization.

At a comparable percentage bandwidth the newest integrated FET-NIC was

essentially identical in performance to the lumped-circuit ¥rET-NIC
= reported previously (see Section ¥1I-D)., In addition, the bandwidth

of the integrated filter could be electrically varied from 0.2 to 1.4

percent,

* See Ref. 16, r 48.

68




= rors =y 57 = AN e Fp o T Sy, ot R B g, MR A Ty » e A - i st i i D = T o=
SX 3o SN D L R e I A I = T R S e LR e i 5.

==l

X, —— StLICONIX U310
TRANSISTOR CHIP

X, — FAIRCHILD 2N43857
TRARNSISTOR CHIP

v

1- Vo — SILICONIX BV140

VARACTOR CHIP +28 VOLTS

—0

8.2 k2 §

1000 pF

U

1900 pF
5.7 k$

1P

v -
INPUT 2
AVl
fo! ol « —o0 outpur
1000 pF 1000 pF
100 pF
0.1 uH
10 k2 10 kQ
BANDWIDTH 0 l
CONTROL
VOLTAGE = =
o
{a) SCHEMATIC TA-8245-132

FIGURE Uli-7 SCHEMATIC DIAGRAM AND SUBSTRATE LAYOUT OF SECOND INTEGRATED
FET-NIC FILTER




R

e

€L1-5va8-VL

L71dNI

{popnjau0d) -1 3HNON

ANOAVT 3ivHisans (q)

_ 30VLI0A TOHLNOD HIGIMANYE ~

AR B
hﬁwy« k%@wg umﬂe&mw i

AR AN Siav v

_mm., L
i,
A

UNES

sloh 82
+

7 e . X
o - -{Iax e ...«m aSa i h N nE

e i S e

"I ?




D, Final Results

Table 1I1I-3

NIC FILTER PEPrORMANCE

In Table III-3 the new integrated FET-NIC and the high-power NUNIC

are compared with the first FET-NIC circuits and the trial NIC of 1970,

T Source: Ref, 16,
*  Not yet measured,

s P8 A i

71

Bandwidth Power Output Total
and Noise 1-dB P Third-Order| Variation
Center Figure Compression Intercept in Gain,
Frequency (dB) ?dBm) (dBm) 25°C to 60°C
(MHz) (dB)
Trial
NIC (1970)* '0.6 and 50 17 -20 -1 5.2
1st FET-NICT|0.6 and 50 |7 - 10 +9 +20 0.9
Improved
2nd FET-NICT|0,6 and 50 |7 - 10 +12 +23 it
lst Inte~
grated FET-
NIC 0.6 and 50 |2 - 12 +5 +15 0.9
2nd Inte-
grated FET-
NIC 0,6 and 50 |6 ~ 7 +12 +23 0.9
High~Power
NUNIC Filter;2.7 and 230 >21 +29 +35 0.8
* Source: Ref, 17, p. 51,
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B IV SLOT LINE

A.  General

The idea of using slot line to realize transmission and resonator

SAE RN 6 Wit ot

elements in microwave integrated circuits was originally described in an

e

oy A it o
B TARR e e o o

earlier report in this series,ld ai.d has been treated theoretically in

L6 ,17,19=21

a sequence of reports since then, This study has now been

brought to a close, and its last topics are contained in the following

s

section,

T

Numerous additional papers and reports on slot-line subjects have

B S

22=27 258=33

been published by SRI and USAECOM personnel, as well as by others.
These cover many theoretical, experimental, and application aspects of

slot line. Practical use of slot line appears particularly promising for

pilg Al gty

3 ferrite phase shifters, hybrid junctions, mixers, {requency multiplic:s,
‘u; amplifiers, etc, In most of these applications, slot line would be used

in conjunction with microstrip line to achieve results not possible with

£ the latter alone.

et
~wt

The basic slot-line configuration is shown in Figure IV-1, and a

i e

sandwich-slot-line cross section is shown in Figure IV-2., Their wave-

:
'{ length and impedance parameters have been analyzed with parallel electric

. or magnetic wall boundaries*??*?2%% and with rectangular shields.*®%7

4 16,20 921,26

Formulas for their E- and H-field distributions have been derived.

Wideband transitions to coaxial line and microstrip have been analyzed

and shown to be practical.2l

b=
23

3

Preceding page biank
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=
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In this section, two additional aspects of slot lines are treated.
These are four-layer symmetrical sandwich slot line, and coupling between
a parallel pair of slot lines, Because the former is especially intcrest-
ing for ferrite phase shifters, the analysis allows the scalar relative
permeabilities to differ from unity. In addition to obtaining formulas
for zoe' v/vg, and kl/A, the magne“ic-field-strength components in the
various layers are evaluated, Graphs of these allow the choice of
favorable sets of parameters for best phase-~shifter performance. A

method of computirg coupling between parallel slot lines is given, and

% several curves of coupling and directivity versus frequency are shown,

B, Multilayer Sandwich Slot Line

5 Figure IV-3 shows the multilayer slot-line configuration that will
be treated in this report. For the computations, b was selected large
enough so that wall proximity effects would be negligible. (Generally,
b > 1.5A/ is sufficient,) In that case, either electric or magnetic
walls at y = *b/2 would yield the same results, Magnetic walls were

4 chosen for the analysis becauvse they lead to simpler formulas and compu-
tation, If electric walls are desired, the approaches of earlier

18,19,22

reports may be used to make the necessary changes in the

formulas., Electric walls may also be added at z = .:(d1 + d2 + £ to

surround the multilayer sandwich slot line by a rectangulir electric-

wall shield. This modification can = carried out as in earlier cases

of shields around singlz-substrate £lot line and double-substrate

16,17

sandwich line. In addition, the same principles may be used to

e
Lz

treat any number of substrate layers beyond the total of foyr considered

=

i

in this report.17
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Formulas for the configuration in Figure IV-3 were obtained by a

16=22

3 straightforward extension of the previous analyses., The total

normalized susceptance at z = 0 looking toward the right and left must

be zero, as follows:

u2
1 8
0 = = — 4in — iv-1
3 nBt p 76 * ( )
— s 2 -

3 P rnl

. 28 €r1 tanh rn - coth qn 2

1 Z url _ u2 sin 7nd
k. 2 1 2
P n=1/2,3/2,... b n(rné)

3 1 +|—] |F

e n}\l nl
, E Notation for dimensions, permeabilities, and permittivities are indicated

in Figure IV-3, while A’ = slot-line wavelength, T = 376.7 ohms per

square, and & = w/b, (Note that url and urz are scalar quantities.

Nonisotropic and nonreciprocal effects are neglected.) The value of

p satisfying B, = 0 is p = A/A'. Other parameters are:

75 t
3
T » 3
e F 3
-1} 'r2 ni1 -1 _ n2
r = d tanh _— t -
N Ynl L * tan pa—- anh Yn2d2 + tanh (Iv-2)
_rl n2 r2 n
u_F F u
-1l rln - nr2
= d th -
A a Y 4, +co F coth |y ,d, + coth (Iv-3)
B _r2 nl n2
R o —s
v - - 1 = J -
P Y Mer6e1 P
(1v-4)
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2 bu
b 1
F = \/1 +[X , F _ = 1-( ,
n ’ nl ’
nA p \nA 'p
(1V-5)
2
bu
- \i 2
n2 - ]
n.’\p
2m 2m 2m
= —— F = —— F = —— F . I1V-6
Yn b n ' m b n1 ' Yoo b n2 (1v-6)

In evaluating Eqs. (IV-1) through (IV-6), carz must be taken to make the

correct changes ir the various functions when their arguments are
. 17,19,:
imaginary,*7 11922

s16"22

A similar extension of the earlier analyse was carried out

by W. Mohuchi of Sedco Systems, Inc., differing in that url = 1 and

3

electric walls were used in place of magnetic walls,® The two sets

of equations agree when these minor differences are reconciled,

The characteristic impedance defined in terms of power flow and

voltage V0 across the slot is given bylg’22
ANoov Ap
Z -~ 376,7n 7T~ ¢ — + ——— ohns Iv=7
0 A vg -AT]Bt ( )

where AT]Bt is computed from Eq., {IV-1) with A’ beld constant and p
incremented slightly about the value p = A/\ at nBt = 0. The ratio

of phase velocity to group velocity v/vg is

% I S A(ng) . (1V-8)
g AN
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In this case A(A/A’) and Af are computed from two separate solutions of
nBt = 0 for two slightly different values of A’ incremented about the

desired \', The value f may be assumed to lie midway in the Af interval.

A time-shaved computer program in BASIC language was prepared to

)
2 compute l’/X, v/vg, and ZO versus the various paramcters at specified
f.f 1
e frequencies, This program was used to evaluate values of A /A needed
: in the field-component computations.
; Formulas for field computation have been derived for the muxti-
} layer sandwich-~slot-~line cross section of Figure IV-3. These apply in
b the z 2 0 region; however, in the z < 0 region they alsc apply when the
g sign of Hx is reversed, If the sandwich is symmetrical, Hx is necessarily
5
E zero at z = 0, The field components are expressed as infinite summations
4 of the individual TE- and TM-mode components with respect to z-axis
: propagation,
.
q Formulas for the complete set of six E and H components were given
3
E: in Refs, 21 and 22 for single~-substrate slot line and a double-substrate
E sandwich. The work has now been extended to the case or multilayer
f configurations, The H and Hz components are as follows, wi*h the
g wt-25x/A *
7 factor ej( ) supvressed:
i
¢
g
3
{ *  This factor implies wave propagation in the +x direciion.
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First substrate, 0 = z < dj

2v F
@ _ 3 0()\_)2 nl sin mé 2my
yat

H = cos
TE
xTEn T A r1n mb b
(Iv-9)
th h ~ si
co qn cos Ynlz sinh Ynlz
2
1 + (b/n)")
-jav
H® _ J 0 erl sin mé cos 2my
xTMn T nF mé b
nl
(Iv-10)
tanh ~ sinh
an rn cosh Ynlz sin Ynlz
2
1 + (b/n) )
2v
H® _ O A sin m§  2my
TEn / b
zisn nburl A s
*V-11)
. [cosh Y% " coth a sinh Ynlz]
Second substrate, dj < 2z < dj + dg
2
HO = H®
xTEn xTEn
z=d1
(1v-12)

. ch -d)-t i -
[co Ynz(z 1) anh Yoo sinh Ynz(z dl)]
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(1v~13)

. ’ - - 3 - 4
[cosh \nz(z dl) coth * o sinh ynz(z 1)]

@ _''mne
2TEn [TE]
TER Hpg L2504

(1v-14)

+ [cosh Ynz(z - dl) - coth a, sinh Ynz(z - dl)]

o Air regiun, dy + dg <2< ®

-y (z-d_=-d_)
©) .o Y% %%
= ) .« e IV-1
HxTEn l,deEn]z_d +d (1v-15)
12
- -d_-d

L [P e Y0 (1V-16)
3 xtn © Uamm ’
2
-y (z-d_ ~d_ )
= 1 2 .
3 n® = u u® e U . (1v-17)
. 2TEn r2]| zTEn
4 z=d_+d
2
; In each region, the modes are summed as follows to yield ihe Hx and Hz
'é components for the magnetic-wall-boundary conf iguration of Figure 1IV-3:
3 H = E H 1v-18
X [HxTEn + xTMn] (1v-18)
.: n=l/2,3/2,...
H = 2 : H . 1V-19
b A zTEn ( )
3 n=1/2,3/2,...
81
' P DPTRRCR L LE T e T . -

. e I e P ) B =




T T SR B e A SR e S e i B+ B R e e P it TOE -

The variables r , qn’ Fnl' etc., are defined by Eqs. (IV-2) through
n

Iv- hil and are:
(1v-6), w er, q,

2
F
- n2
r = ¥ _d_ + tanh 1 (1v-20)
n2 L F
r2n
o8
-1f n r2
= d + coth {— . Iv-21
9 Yno% * €© F, ) ( )

A computer program in BASIC language was prepared yielding Hx and Hz in
all regions. The Hy, Ex, Ey, and Ez components can be obtained from

Egs. (1V-9) through (IV-19) by straightforward use of Maxwell's equations;
however, for ferrite-substrate devices, Hx and Hz in the principal plane

y = 0 are of primury interest.

Derivation of the mode-summation formulas, Eqs. (IV-9) through
(IV-19), was based on the simplifying assumption of constant Ey field
across the slot. When w is small compared to b, disregarding the true
variation of Ey causes negligible amplitude error for low-order modes,

but 2 _preciable error fcr high-order modes. As a result, the field

- aponents are predicted with excellent accuracy at distances from the

»lot greater than about one slot width, while very near the slot the

error is quite large. In an earlier report16 quasi-static formulas

ek T

i

=

were introduced that yield good accuracy in the vicinity of the slot.

For symmetrical sandwicn slot line these are as follows, on the z axis

bet = - and = d_:
ween z dl z 1
j2V 21
) VYo [2z ;
H = € p_={=—) ¥sinnh  |=—] , jz| s a (1v-22)
x AT~ rl ri P w 1
rl A
-1
2V \ /2
B o= —— 2 | - (% |zl < a (1v-23)
__j z - anpsrl \l W 3 1 .




Equations (IV-22) and (IV-23) hold for lzl out to about 0.75 w {(unless
d1 is smaller), while for greater ‘z| the mode-summation equations,

Eqs. (IV-9) through (IV-19), are valid. In the vicinity of Sz‘ = 0.75 w,
accuracy may be improved by plotting the two solutions and judiciously

blending the curves together.

Graphs of Hx/j and HZ versus z are shown in Figures IV-4 and IV-5.
The quasi-static and mode-summation foirmulas were used in plotting the
curves. The discontinuities in Hz are the result of B o discontinuities
at the interfaces. In both graphs, the second substrate is characterized
by €r2 = 13 and Feo = 0.8, which are typical values for ferrite phase
shifters. Figure IV-4 has erl = 9.6 and #rl = 1, while Figure IV-5 has
€ = 30 and prl = 1. The dimensions v, dl’ and d_ are the same in both

rl
cases, and their values are snown in the figures. In each case b was

L
f = 6.0 GHz
d2 = 0.06" o % = 0.3509
Zo = 7352 ohms
w = 0.040 inch
P = 1.0 watt
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FIGURE 1v-4 FIELDS HZ AND Hx/i vs. Z iN y = 0 PLANE, €1 = 99
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Bt Lo, = 0.06" o f = 6.0 GHz
. J X .oz
.“:{ A
0y ’%5_ Zo = 62.00 ohm
e w = 0.040 inch

o S
3 E o LN P = 1.0 watt
2 5 40 p "
E
g 2
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= -3
£ 30 2 \
= ® Fegs o
5 ] i s
2 : SUBSTRATE SUBSTRATE AlR

:x REGION
5 % ‘\\ €51

N uf3 =1
T
\.h—.‘ -\*
-__.__--h-_‘---
0.06 0.08 0.10 0.12 0.14 0.16
z — inches TA-8245-136

FIGURE 1V-5 FIELDS H, AND H,/j vs. z IN y = 0 PLANE, ¢ = 30

about 1.5 }\', which is large encugh so that the magnetic walls have
negligible effect on the computed data. Values of A’/\ ana Z0 obtaived
from Eqs. (IV-1) through (IV-8) are also given in the figures. The
frequency is 6.0 GHz, and the field strengths are in amperes per meter
rms for one watt of power ilow. This power normalization was cobtained

by letting VO = ,/ZO volts rms across the slot.

Inspection of Figures IV-41 and IV-5 shows that ¢ 1 has a major
r
effect on the magaitude of H\_/j in the substrates. A large value of

er1 vields a relatively large H\_/’j in Substrate 2, which is a favorable

condition for ferrite reciprocal phase shifters. The case of ¢ 1 = 9.6
r
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Equations (IV-22) and (IV-23) hold for |zl out to about 0.75 w (unless
d1 is smaller), while for greater |z‘ the mode-summation equations,

Eqs. (IV-9) through (I1v-19), are valid. In the vicinity of iz\ =0,75 w,
accuracy may be improved by plotting the twd solutious and judiciously

blending the curves together.

Graphs of H /j and H_ versus z are shown in Figures IV-4 and IV-5.
X z
The quasi-static and mode-summation formulas were used in plotting the

curves. The discontinuities in Hz are the result of . o discontinuities
r

-

at the interfaces. In both graphs, the second substrate is characterized

by €r2 = 13 and = = 0.8, which are typical values for ferrite phase
shifters. Figure IV~4 has € N = 9.6 and . 1 = 1, while Figure IV-5 has
r r
D = 30 and . = 1. The dimensions w, d_, and d_ are the szme in both
rl rl 1 2

cases, and their values are shown in the figures. In each case b was

i
f = 6.0 GhHs
-A— = 03509
A
s
3 ZO = 73.52 ohms
s w = 0.0 Jinch
g P = 1.0 watt
S
el
2
2
E
Q
S AlR
T REGION
S
< €51
T FPeS
HZ
-\\
\\
H /i Y —
i
008 910 012 033 0.16
2 — inches TA-8245-135

FIGURE 1V-4 FIELDS H, AND H,/j vs. z IN y = 0 PLANE, ¢ = 9.6
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yields almost zero Hx/j in Substrate 1. In fact, Eq. (IV-22) shows that

2
H /j will be negative in Substrate 1 when erl“rl < (A/A)°. Examples in
X

which this occurs were computed, showing that H /j versus z crosses
X

zero at a point within Substrate 2 and is positive thereafter. Twenty-

seven sets of H and H /J versus z were computed with Pll = prz =1, :
¢ =13, w =0, 040 inch, and f = 6.0 GHz, and with all combinations of 3
r2

erl = 9.6, 13, and 30; d1 = 0.02, 0,03, and 0.04 inches; and d2 = 0,02,

0.06, and 0.10 irnches. The computer printouts were furnished to Sedco

8 S LA el bl

Systems, Inc, to aid their USAECOM-supported program on slot-line phase
£33

shifters. Plots of the 27 cases are included in their latest repor
These substantiate that a large value of erl in the dielectric csubstrate

1l is needed to 2chieve high Hx/j in the ferrite substrate 2.

C. Coupling Between Slot Lines

Coupling between a pair of parallel slot lines on the same substrate

will be treated in terms of even~ and odd-mode characteristic impedances
Zoe' Zoo’ and wavelengths A;, A;. For weak to moderate coupling, these
can pe computed from solutions already available.

Figure IV-6(a) shows the single-substrate slot-line cross section
previously analyzed.19 The configuration is bounded by a pair of
parallel electric or magnetic walls with spacing b. For b about 1.5 1
or greater, these walls have negligible effect on slot line Z0 and KI,
while for smaller b these values are increasingly perturbed as b is

decreased.

Images in a pair of electric walls yield the equivalent even-mode
infinite array of Figure IV-6(b), while a pair of magnetic walls yields
the odd-mode infiniie array of Figure IV-6(c). Note that the slot voltages
are codirected for the even mode and alternately directed for the odd mcde.

We will define Zo and .’ for the €lectric-wall, even-mode cases as ZE
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‘ |
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]
. i s A

{c) INFINITE ARRAY OF SLOTS, ODD-MODE CASE

I
0077772777777

{d) PAIR OF CQUPLED SLGTS

. TA-B245-137

FIGURE IV-6  BASIC SLOT-LINE CROSS SECTION, EQUIVALENT INFINITE ARRAYS,
AND COUPLED SLOT PAIR
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and Xé, and for the magnetic-wall odd-mode case as ZM and Xé. These

may be computed by the formulas of Ref. 19. The symbols Z0 and A/ will

be applied to the limiting case ZE - ZM - Z0 and Xé - Aé -\ as b -~ .

When b is chosen such that ZE’ Z ., and ké, ké are perturbed by relatively

M
small amounts from Zo and K', computation shows these perturbations to
be opposite pairs:
~ 2 2AZ Z =~ Z - V/ 1v-24
ZE o * AZ " o 24 ( )
Ap Vioeem xh’l ~ A o-2m’ (1V-25)
where
AZ 1 (2 Z) (IV-26)
T 4 E M
M o= Eal-a . (1V-27)
4 E M

The case of a pair of coupled slots with center-to-center spacing b
is shown in Figure IV-6(d). Each slot has close proximity to one adjacent
slot, while in the infinite arrays each slot has close préximity to two
adjacent slots, Therefore, when b is sufficiently large that the perturba-
tions are small, the even and odd parameters of the pair of slots (Zoe’

Zoo’ Aé, K;) are perturbed by half the amounts of the infinite array:

et

Z 2 + AZ Z ~ 4. - AZ -
oe 0 8z o0 0 A (1v-28)

’

AL Aoe A, A~ Ao-a (1V-29)

where AZ and 4L7 are giver by Eqs. (IV-26) and (IV-27).
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For an input-wave amplitude of unity, the various output-wave

amplitudes are as follows for Figure IV-7:

c = 1 (t -t) (IV-30)
2 e 0
1
t = = (t +t) (1v-31)
2 e o
i = 20 -0) (1v-32)
= 2 P TP,
=X +0) (1v-33)
po= 3 ' P

where pe and te are the voltage reflection and transmission coefficients
of a length of transmission line with parameters Zoe and cpe, while po

and t are the same but with Z and 9 .
o (o]0 (¢}

[
r Ql ¢Q' ¢° 7‘
™\ o
T A" 4
zog i ——— — C Z,
-0 -O-
ZO
-
O~
——p 1
—>t z
P — o
I\ o'
T ¥ s
Zoe' Z00 TA-8245-138

FIGURE IV-7 EQUIVALENT CIRCUIT OF COUPLED SLOT LINES
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predominant forward coupling.

The ineruality of we and wo for a pair of coupled siots causes

as followsn:

Carves of C and D versus f were computed and plotted in Figure IV-8 for

~

r

and 0. inch.

16, d = 0.050 inch, w = 0.020 inch, £ = 1 inch, and b = 0.25, 0.35,

O
"

=}
1

20 log‘0 |c| dB

20 log, |§! dB .

measured directivity of a practical coupler.

-]
‘0
I
>
o
>
=
Q
w
T
8 0
o
2
g -10
- — N = - b = 0.25"
E ---q-—-_-..-. O Sm—
= S e -
g 20 \\ L —— -—— e oy 0.35"
o = 16 \ 5 ---.-Q
L% __ COUPLING
d = 0.050" —]
w = 0.020" \\050
-0~ 0= 10" ——
-50
2 3 4 5 6 7 8
f — GHz TA-8245-130
FIGURE IV-8 COUPLING AND DIRECTIVITY vs. FREQUENCY FOR A PAIR OF COUPLED

Let coupling and directivity be defined

(I1V-34)

(1v-35)

Junction effects are ignored, and will strongly affect the

SLOTS
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V  CONCLUSIONS

A, Meander-Line urd Hybrid Meander-Line Transformers

A table of meander-line transformers having 2 to 6 turns, impedance E
transformaticn ratios of from 1.1 to 20, ond bandwidth ratios of from

3.5:1 to 10:1 was presented. The transformer responses are, for all

practical purposes, eyual-ripple responses. For a given ripple, the
bandwidth of meander-line transformers is less than what can be obtained
with stepped-impedance transformers of the same degree of complexity.
However, the prineipal advantage of meander-line transformers is their

compactness.

The concept of hybrid meander-line transformers was introduced.
Hybrid meander-line transformers permit circuit designers considerable
flexibility in choosing the geometrical shape of the transformer design.
The bandwidth of hybrid transformers lies between that of meander-line
and stepped-impedance designs for the same passband VSWR. Several

examnples of hybrid transformers were illustrated in the text.

Experimental three-~turn meander-line and N = 4 hybrid meander-line
transformers were designed and constructed in stripline. The experi-
mental data agreed extremely well with the theoretically computed
responses,

rs

B. Negative-Impedance Converters

It has heen shown that active filters can be built to operate at
power levels above 1 watt at UHF frequencies. In addition, negative

feedback can be used to stabilize these filters so that changes in

Preceding page blank
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‘dielectric material,

operating conditions have little effect on the filter performance.

Although care must be taken with large transistors to prevent spuriousg

oscillations, one-watt active filters are now practical for operation

up to 1 or 2 GHz.

The FET-NIC can be used to make filters that are stable, low-noise,

3
and tiny (less than 0.2 c¢m ), These filters can be made variable in

both bandwidth and center frequency. A l.2-percent-bandwidth, one-pole

filter wou’d have typically a 7- to 10-dB noise figure, +12 dBm power-

handling capability, and a +23 d3m third-order intercept.

C. Slot Line

Symmetrical four-layer sandwich slot line appears bette, suited
for ferrite-phase-shifter use than a two-layer all-ferrite configuration.
The outer layers should be ferrite material, and the inner layetrs
The use of high- rather than low-permittivity
dielectric material results in far more favorable magnetic-ficld dis-

tributions in the ferrite layers.

Two parallel slots couple to each other predominantly in the for-

ward direction. The formulas in this report are valid for moderate and

weak couplings. The curves show that good directivity may be achieved

in certain frequency bands.,
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